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In the Indian Ocean, mid-depth oxygen minimum zones (OMZs) occur in the Arabian Sea and the Bay of
Bengal. The lower part of the Arabian-Sea OMZ (ASOMZ; below 400 m) intensiﬁes northward across the
basin; in contrast, its upper part (above 400 m) is located in the central/eastern basin, well east of the
most productive regions along the western boundary. The Bay-of-Bengal OMZ (BBOMZ), although strong,
is weaker than the ASOMZ. To investigate the processes that maintain the Indian-Ocean OMZs, we obtain
a suite of solutions to a coupled biological/physical model. Its physical component is a variable-density,
6 12-layer model, in which each layer corresponds to a distinct dynamical regime or water-mass type. Its
biological component has six compartments: nutrients, phytoplankton, zooplankton, two size classes of
detritus, and oxygen. Because the model grid is non-eddy resolving (0.5), the biological model also
includes a parameterization of enhanced mixing based on the eddy kinetic energy derived from satellite
observations. To explore further the impact of local processes on OMZs, we also obtain analytic solutions
to a one-dimensional, simpliﬁed version of the biological model.
Our control run is able to simulate basic features of the oxygen, nutrient, and phytoplankton ﬁelds
throughout the Indian Ocean. The model OMZs result from a balance, or lack thereof, between a sink
of oxygen by remineralization and subsurface oxygen sources due primarily to northward spreading of
oxygenated water from the Southern Hemisphere, with a contribution from Persian-Gulf water in the
northern Arabian Sea. The northward intensiﬁcation of the lower ASOMZ results mostly from horizontal
mixing since advection is weak in its depth range. The eastward shift of the upper ASOMZ is due primarily
to enhanced advection and vertical eddy mixing in the western Arabian Sea, which spread oxygenated
waters both horizontally and vertically. Advection carries small detritus from the western boundary into
the central/eastern Arabian Sea, where it provides an additional source of remineralization that drives the
ASOMZ to suboxic levels. The model BBOMZ is weaker than the ASOMZ because the Bay lacks a remote
source of detritus from the western boundary. Although detritus has a prominent annual cycle, the model
OMZs do not because there is not enough time for signiﬁcant remineralization to occur.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
In the tropics, mid-depth oxygen minimum zones (OMZs) are
located in poorly ventilated regions (e.g., Wyrtki, 1962; Kamykow-
ski and Zentara, 1990). In the Indian Ocean, they are found in both
the Arabian Sea and Bay of Bengal, where the ventilation age is
30 years or longer due to their closed northern boundaries (Fine
et al., 2008). In this study, we use a coupled, biophysical model
to understand the processes that determine their magnitude and
structure.gmail.com (Z. Yu).
-NC-ND license.1.1. Background
1.1.1. Indian-Ocean OMZs
The Arabian-Sea OMZ (ASOMZ) is the second-most intense OMZ
in the world tropical ocean (Kamykowski and Zentara, 1990), with
near-total depletion of oxygen at depths from 200 to 1000 m (e.g.,
Morrison et al., 1998); indeed, suboxic levels ([5 lmol O2/kg) ex-
ist over much of that depth range and denitriﬁcation occurs in its
upper portion (Naqvi, 1991). Although still strong, the Bay-of-
Bengal OMZ (BBOMZ) is weaker than the ASOMZ, with oxygen con-
centrations everywhere remaining above the denitriﬁcation
threshold (Naqvi et al., 2006).
Fig. 1 illustrates the ASOMZ structure, showing its horizontal
distribution near 200 m (left panel) and a vertical section from
cruise TN039 of the Joint Global Ocean Flux Study (JGOFS) Arabian
Fig. 1. Amap of upper ASOMZ as demarcated by the 0:5 lmol NO2 =kg contour (left panel). Also indicated is the track of cruise TN039. (Redrawn after Naqvi, 1991.) Section of
dissolved oxygen (lmol O2/kg) taken during cruise TN039 of the Joint Global Ocean Flux Study (JGOFS) Arabian Sea Process Study (ASPS) (right panel). The x-axis (units: km)
runs along the indicated cruise track, extending from 8N in the central Arabian Sea (origin of the x-axis) to near the coast of Oman. The unit for the y-axis is meter. The white
region indicates where oxygen concentrations are less than 1 lmol O2/kg. (Redrawn after Codispoti et al., 2001.)
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the left panel, and the section runs from the sample site near 10N
in the central Arabian Sea (origin of the x-axis) to the coast of
Oman. The panels illustrate an east–west contrast in ASOMZ struc-
ture across the northern Arabian Sea above 400 m, namely, the
ASOMZ is absent near the western boundary. In contrast, below
400 m it extends to the Omani coast, reﬂecting a general north-
ward intensiﬁcation across the basin (see Fig. 27 of Morrison
et al., 1998). This ‘‘eastward shift’’ is intriguing, since one expects
lowest oxygen concentrations to occur beneath the regions of high-
est productivity. In this study, we divide the ASOMZ into upper and
lower parts, roughly by the 400-m depth.1.1.2. Oxygen sources
Without subsurface sources of oxygen, the continual remineral-
ization of sinking detritus would eventually deplete all oxygen
from subsurface waters. The primary source for both the Arabian
Sea and Bay of Bengal is from the Southern Hemisphere. Highly
oxygenated, intermediate water is formed along the northern edge
of the Antarctic Circumpolar Current (ACC), and subsequently
spreads throughout the Indian Ocean, as indicated by oxygen con-
centrations on the 26.6-rh, 27.2-rh, and 27.5-rh density surfaces
(left panels of Fig. 4a below) from the World Ocean Atlas (2005;
WOA05). In the Arabian Sea, other sources of oxygenated water
are Persian-Gulf water (PGW) and Red-Sea water (RSW), with
PGW entering the Arabian Sea just beneath the thermocline
(Bower et al., 2000; Prasad et al., 2001) and RSW at intermediate
depths (300–1000 m; Beal et al., 2000; Soﬁanos and Johns, 2002;
Bower et al., 2005). In addition, water from the Indonesian
Throughﬂow (ITF) inﬂuences the upper Indian Ocean, including
properties of thermocline waters in the Arabian Sea (Haines
et al., 1999; Song et al., 2004).
The advective pathways by which upper-ocean (thermocline
and above) water enters and spreads throughout the Arabian Sea
and Bay of Bengal are reasonably well understood (Schott and
McCreary, 2001); for example, it is well known that Southern-
Hemisphere water enters the North Indian Ocean within the ther-
mocline to provide most of the water for the Somali and Omani
upwellings. The circulation of deeper waters, however, is less clear.
Concerning PGW, hydrographic data suggest that it spreads both
southward along the Omani coast and around the perimeter of
the basin (Shenoi et al., 1993; Prasad et al., 2001), but it is difﬁcult
to trace PGW into the central Arabian Sea (Morrison et al., 1998;
Shankar et al., 2005; Shenoi et al., 2005). Regarding RSW, hydro-
graphic data suggest that it spreads across the Arabian Sea (Shenoi
et al., 1993, 2005; Shankar et al., 2005), but by pathways that are
not yet known; in this regard, chloroﬂuorocarbon (CFC) ratios on
the 27.1-rh density surface (near the core density of RSW) do notindicate any signiﬁcant circulation within the Arabian Sea or the
Bay (Fine et al., 2008).
Mixing by mesoscale eddies can also spread oxygen (and other
biological variables) in both sub-basins. At the surface, eddies are
implied by the existence of narrow coastal jets and ﬁlaments that
extend offshore from the Omani coast (Gundersen et al., 1998;
Manghnani et al., 1998; Lee et al., 2000), and they are apparent
in satellite altimeter data. Fig. 2 plots normalized, mean, eddy ki-
netic energy, E0ðx; yÞ, based on AVISO data, and the prevalence of
eddies is apparent, particularly in the western Arabian Sea. As indi-
cated by in situ data, these eddies can extend to subthermocline
and greater depths (e.g., Bower et al., 2005; Davis, 2005). A recent
modelling study by Resplandy et al. (2011) highlights the impor-
tance of such eddies in spreading nutrients both horizontally and
vertically in the Arabian Sea. Although weaker than in the Arabian
Sea, eddies are also known to impact biological activity in the Bay
of Bengal (Prasanna Kumar et al., 2004, 2007; Vinayachandran,
2009).1.1.3. Processes
At the present time, there is no consensus as to what processes
maintain the Indian-Ocean OMZs (except that they are both lo-
cated in poorly ventilated regions). One reason for this lack of
agreement is that biophysical models are currently unable to sim-
ulate the observed ASOMZ and BBOMZ; for example, they have
lower oxygen concentrations in the Bay than in the Arabian Sea
(e.g., Moore and Doney, 2007, their Fig. S3; Oschlies et al., 2008,
their Fig. 1b; Gnanadesikan et al., 2012).
Several hypotheses have been proposed to account for the east-
ward shift. One possible physical mechanism is northward advec-
tion of oxygenated waters by the swift Somali and Omani coastal
currents during the Southwest Monsoon (Hypothesis 1; Swallow,
1984; Sarma, 2002a). Another is mixing by mesoscale eddies
(Hypothesis 2): Kim et al. (2001) noted the similarity in horizontal
structure between the upper ASOMZ and weaker E0 in the central/
eastern Arabian Sea (compare Figs. 1 and 2). A third is that detrital
sinking rates in the western Arabian Sea are slow enough for detri-
tus to be advected considerably northward and eastward before it
sinks and is remineralized (Hypothesis 3); in support of this idea,
recent studies have suggested that low iron and silica concentra-
tions in upwelled water during the Southwest Monsoon may either
limit phytoplankton growth or promote blooms of smaller species
(Wiggert and Murtugudde, 2007; Hood et al., 2009). A ﬁnal
hypothesis, one that contrasts with Hypothesis 3, is that phyto-
plankton in strong upwelling regions are dominated by large spe-
cies (diatoms); as a consequence, detrital sinking is so rapid in
the western Arabian Sea during the Southwest Monsoon that little
remineralization can occur in the upper ocean (Hypothesis 4). This
Fig. 2. A map of normalized eddy kinetic energy, E0ðx; yÞ, based on AVISO data, normalized by Emax ¼ 3:0 103 m2=s2.
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measured by sediment traps during the Southwest Monsoon (Hon-
jo et al., 1999; Naqvi et al., 2010).
Differences in physical forcing provide a plausible reason for
why the BBOMZ is weaker than the ASOMZ. For one thing, because
the alongshore winds are weaker in the Bay than in the Arabian
Sea, upwelling is weaker along the east coast of India than it is
along Somalia and Oman. For another, freshwater input is much
larger in the Bay, resulting in stronger near-surface stratiﬁcation
and a thinner, surface mixed layer. Both of these effects tend to
lower nutrient entrainment into the euphotic zone, and thereby
to limit surface production and remineralization at depth. This idea
is consistent with Sarma (2002a,b), who used the ﬂow ﬁeld from an
ocean general circulation model (OGCM) and in situ oxygen obser-
vations to argue that biological oxygen demand is smaller in the
Bay than the Arabian Sea. Given these prominent forcing differ-
ences, the cause of a stronger BBOMZ in OGCMs is puzzling.
The seasonal variability of near-surface biological activity is ex-
treme in the Arabian Sea and Bay of Bengal, alternating from being
highly productive during the monsoons to oligotrophic during
intermonsoon periods. In contrast, the seasonal variability of sub-
surface oxygen is weak (de Sousa et al., 1996). Calculating oxygen
budgets for the Arabian Sea north of 10, Sarma (2002a,b) argued
that the weak annual variability happens because variations in
oxygen supply (advection of oxygen across 10N) and demand
(remineralization) compensate seasonally. In contrast, based on
solutions to their biophysical model, Resplandy et al. (2012) con-
cluded that the annual cycle of the ASOMZ is weak because oxygen
supply and demand are both weak, with variations in demand hav-
ing little impact.
1.2. Present research
As outlined above, a number of questions concerning the
Indian-Ocean OMZs remain unanswered. They include: What
physical and biological processes determine their strength and
structure? What are the roles of currents and eddies in spreading
and mixing oxygenated waters? To what extent do oxygenated
Southern-Hemisphere waters, PGW, RSW, and the ITF impact the
OMZs? Why is the upper ASOMZ shifted eastward, away from
the regions of highest biological production? Are signiﬁcant quan-
tities of particulate organic matter transported to the central/east-
ern Arabian Sea from the highly productive, western-boundaryupwelling zones? What processes account for the different
strengths of the ASOMZ and BBOMZ? Given the strong variability
in surface production, why is the annual cycle of the OMZs weak?
To investigate these issues, we obtain solutions to a coupled,
biophysical model of intermediate complexity. Its physical compo-
nent is a variable-density, layer model with six active layers, in
which each layer corresponds to a distinct water-mass type or
dynamically important region. Its biological component has six
compartments: nutrients, phytoplankton, zooplankton, two size
classes of detritus, and oxygen. Since the model grid is non-eddy
resolving (0.5), the impact of eddies is parameterized using E0 to
adjust mixing coefﬁcients. Given these simpliﬁcations, the model
is computationally very efﬁcient, allowing us to obtain literally
hundreds of solutions; at the same time, it is able to develop real-
istic physical and biological ﬁelds throughout the basin. Because
the OMZs are determined by both physical (advection and mixing)
and biological (nutrient cycling, surface production) processes,
understanding their dynamics requires knowledge of the complete
ecosystem. During model development, then, we sought to adjust
model parameters and processes so that solutions developed real-
istic nutrient and phytoplankton, as well as oxygen, ﬁelds.
To supplement the discussion of oxygen dynamics, we also ob-
tain solutions to a one-dimensional (1-d) simpliﬁcation of the bio-
logical model. The model is simple enough for solutions to be
obtained analytically, and hence it is useful for understanding
how local dynamics impact our 3-d solutions. Because the discus-
sion of the model is long and involved, we report it in Appendix B,
referring to key results at relevant places in the main text.
Key results include the following. Subsurface oxygen loss to
remineralization is balanced primarily by spreading of oxygenated
water from the Southern Hemisphere. The eastward shift results
primarily from northward advection of Southern-Hemisphere
oxygenated water by the Somali and Omani coastal currents,
and it is enhanced by vertical eddy mixing and the inﬂow from
the Persian Gulf. Eastward advection of small detritus across the
Arabian Sea provides an additional source of remineralization
that lowers oxygen concentrations in the central/eastern basin
to suboxic levels; furthermore, one reason the BBOMZ is weaker
than the ASOMZ is that the Bay lacks a comparable western
source of detritus. The annual cycle of subsurface oxygen is
weak because one year is not enough time for sufﬁcient remin-
eralization to occur, a conclusion consistent with the results of
Resplandy et al. (2012). Finally, the sensitivity of the model
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reversal in strengths of the ASOMZ and BBOMZ in some OGCM
solutions.
The text is organized as follows. Section 2 provides a descriptive
overview of the coupled model, with equations and other quantita-
tive details reported in Appendix A. Section 3 ﬁrst describes our
control run, and then discusses the processes that account for its
large-scale features, the eastward shift of the upper ASOMZ, and
differences between the ASOMZ and BBOMZ. Section 4 provides a
summary and discussion.2. Coupled model
The coupled model is an extension of the 4 12-layer, NPZD model
used by Hood et al. (2003). It has two additional deep layers to
allow for the depth range of the OMZs (a 6 12-layer system), and in-
cludes two detrital and oxygen compartments (an NPZDD0O mod-
el). Here, we present a descriptive overview of the model, leaving
a general discussion of the biological equations and other quantita-
tive details in Appendix A.2.1. Physical model
The physical model consists of six active layers with thicknesses
hi (i = 1–6), horizontal velocities vi = (ui,vi), temperatures Ti, and
salinities Si, overlying a quiescent, deep ocean where pressure gra-
dients are assumed to vanish (the ‘‘12’’ layer). Salinity and tempera-
ture are allowed to vary within each layer in response to surface
forcing and entrainment/detrainment ﬂuxes (a variable-density,
layer model).
Fig. 3 illustrates the model’s layer structure. The layers are de-
signed to represent the vertical structure of Indian-Ocean circula-
tions as simply as possible: the surface mixed layer (layer 1); theFig. 3. Schematic diagram illustrating the vertical structure of the physical model. Most q
h3 are at their minimum allowed values, h1min, h2min, and h3min, which are set to 10, 1, an
axis as time, increasing from left to right.diurnal thermocline that is generated when the mixed layer thins
during the day (layer 2; McCreary et al., 2001); the seasonal ther-
mocline, generated when the mixed layer thins during spring
(layer 3); the main thermocline that encompasses the depth range
of the upper ASOMZ (layer 4); a subthermocline layer for the lower
ASOMZ (layer 5); and a deeper layer that is below the ASOMZ
(layer 6). In quasi-equilibrium solutions, the depth ranges of the
layers are roughly 0–150 m, 150–500 m, 500–1000 m, and 1000–
1500 m for layers 1–3, 4, 5, and 6, respectively.
Primarily in response to the thickness of the surface mixed
layer, water parcels can move into or out of layers 1–3. Speciﬁcally,
they can cross the bottom of layer i at velocities wi, that is, entrain
into (wi > 0) or detrain from (wi < 0) the layer, and during such
transfers mass, momentum, heat, salt, and biological variables
are conserved. Velocity w1 is determined by Kraus and Turner
(1967) mixed-layer physics, except with additional terms that pre-
vent h1 from becoming thinner than h1min = 10 m. Mixed-layer
parameters have their values from the control run of Hood et al.
(2003), ensuring that h1 simulates well the observed mixed-layer
thickness in the Arabian Sea. Entrainment across the bottoms of
layers 2 and 3 (w2,w3 > 0) occurs whenever dynamical processes
attempt to make h2 or h3 thinner than h2min = 1 m and h3min = 10 m,
in which case water instantly entrains from the underlying layer to
keep hi = himin. Conversely, layers 2 and 3 detrain when overlying
layers thin, in which case h2 and h3 are respectively relaxed to-
wards speciﬁed minimum thicknesses of 11 and 65 m with time
scales of 15 and 180 days, respectively. Because entrainment and
detrainment are linked to variations in the surface mixed-layer
thickness h1, they are active only in the upper layers that are im-
pacted by h1, and hence we set w4 = w5 = w6 = 0.
Fig. 3 schematically illustrates several entrainment and detrain-
ment events. As time passes (from left to right), the mixed layer
thickens in response to surface forcing (wind stirring and cooling),
entraining water from layer 2. Eventually, layer 2 reaches itsuantities are deﬁned in the text. The diagram also indicates regions where h1, h2, and
d 10 m, respectively. As discussed in the text, it is useful to interpret the horizontal
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Somewhat later, layer 3 also reaches its minimum thickness, and
water entrains from layer 4. Finally, the surface forcing relaxes,
and layers 1 and 2 thin due to detrainment. In upwelling regions,
layers 1–3 can all reach their minimum thicknesses (not shown),
so that water is entrained from layer 4.
The physical model has no vertical viscosity, but it does have
vertical diffusion of temperature and salinity with a coefﬁcient of
0.1  104 m2/s. Horizontal mixing of momentum, temperature,
and salinity has the form of Laplacian smoothing with a variable
mixing coefﬁcient that is large only where the variable changes
rapidly (Smagorinsky, 1963, 1993); the coefﬁcient involves one
external parameter, C, which we set to 0.2.
2.2. Biological model
2.2.1. Equations
The biological model consists of a set of advective–diffusive
equations that determine nitrogen concentrations in ﬁve compart-
ments (nutrients N, phytoplankton P, zooplankton Z, and small and
large size classes of detritus D and D0), as well as oxygen compart-
ment O. The complete set is discussed in Appendix A. To illustrate,
the oxygen and nutrient equations in layer 4 are
O4t þ v4  $O4 ¼ 1h4 j4
O3  O4
h34
 j5 O4  O5h45
 
þ L4r2O4
 B4r4O4  / eD4 þ e0D04
 
; ð1Þ
and
N4t þ v4  $N4 ¼ w3
N4  N3
h4
þ 1
h4
j4
N3  N4
h34
 j5 N4  N5h45
 
þ L4r2N4  B4r4N4 þ eD4 þ e0D04
 
; ð2Þ
where subscripts are layer indices (not chemical indices) and
hij ¼ ðhi þ hjÞ=2. From left to right, the terms are: rate of change,
advection, detrainment of N3 into layer 4 via the across-interface
velocity w3 (only for Eq. (2)); vertical, Laplacian, and biharmonic
diffusion with coefﬁcients ji;Li, and Bi, respectively; and reminer-
alization terms proportional to e and e0. The constant / = 8.625
(lg Chl-a/kg)/(lmol N/kg) converts the source and sink terms for
dissolved inorganic nitrogen to corresponding terms for oxygen
assuming Redﬁeld et al. (1963) stoichiometry for nitrate uptake
and remineralization. The two equations differ from those in the
shallower layers in that the only source-sink terms retained are
those for detrital remineralization, as the others are negligible in
the depth range of layer 4 (e.g., compare Eqs. (1) and (A4)).
Similarly, there are no terms for entrainment across the base of
layer 4 since, as noted above, w4 = 0 (see the discussion in Appendix
A.2). Note that there is detrainment of N3 into layer 4 (the term in
Eq. (2) proportional to w3 ); but, as discussed next, oxygen
detrainment from layer 3 is not allowed. Similar equations hold in
layers 5 and 6.
During model development, we found it necessary to drop oxy-
gen detrainment across the bottom of layer 3, because oxygen con-
centrations change so abruptly between near-surface (layers 1–3)
and thermocline (layer 4) waters. (In the northern Arabian Sea, for
example, O3  180 lmol O2/kg, whereas O4  5 lmol O2/kg.) When
water detrains from layer 3 (w3 < 0), variables from layer 3 should
move into the upper thermocline and remain there until the next
entraining event. Because variables are necessarily uniform in
layer 4, however, detrained layer-3 variables are in effect instantly
mixed throughout layer 4, spreading near-surface variables down-
ward much too efﬁciently. As a result, if O3 is allowed to detrain,
the oxygenminimum in layer 4 is severely weakened or eliminated.
This problem essentially results from the model’s limited verticalresolution. To avoid it, we eliminate all O3 detrainment (Appendix
A.2).
A similar problem exists for nutrients: When layer-3 water de-
trains into layer 4, N4 concentrations are lowered excessively be-
cause low N3 levels are spread too efﬁciently throughout layer 4.
To investigate the impacts of this model artifact, we obtained test
solutions in which N3 detrainment was considerably weakened or
eliminated (Appendix A.2). In the tests, N4 and P1 tended to be
higher, and O4 and O5 lower, than in comparable runs with N3
detrainment, but otherwise the structures of the ﬁelds were simi-
lar. Neither of the two approaches is ‘‘correct’’ in that solutions
with (without) N3 detrainment minimize (maximize) the model’s
ability to raise nutrients into the upper ocean. We opt to retain
N3 detrainment as part of our standard parameterization.
2.2.2. Two detrital classes
We also found it necessary to expand the detritus compartment to
include two size classes: a smaller class with remineralization and
sinking rates of e = 0.003 day1 and ws = 0.22 m/day, and a larger
class with e0 = 0.0025 day1 and w0s ¼ 7:5 m=day. Since the model
does not have two phytoplankton size classes, the relative amounts
of small and large detritus are determined by P1, with the percentage
of large detritus rising from 10% to 50% as P1 increases from 0.31 to
0.94 mg Chl-a/m3 (see the discussion of Eq. (A6)).
The above remineralization and sinking rates are at the low end
of typical values used in models. As such, the small detritus repre-
sents very small, refractory particles or dissolved organic matter
that sinks very slowly or not at all; it allows for an efﬁcient micro-
bial-remineralization (MR) loop that retains nitrogen in the upper
ocean (Section 3.2.2), maintains layer-1 phytoplankton concentra-
tions (P1) at realistic levels (Section 3.2.3), and lowers oxygen in
layer 4 (Section 3.2.1). The large detritus exports some nitrogen
into the deep ocean, thereby preventing P1 from becoming too
large (Section 3.2.1), and it lowers oxygen in all the subsurface lay-
ers (Section 3.2.1).
The depth range and structure of the OMZs are closely linked to
how rapidly detritus decays in the water column (Appendix B). For
the small and large detritus in our model, the decay scales are dz =
ws/e = 73m and dz0 ¼ w0s=e0 ¼ 3000 m, respectively (Eq. (B4)).
Because of the coarse vertical resolution of the grid, however, a better
estimate of dz is fdz  184 m (Appendix B.3). The small value of
dz ðfdzÞ ensures that essentially all small detritus is remineralized in
layers 1–4. In contrast, the large value of dz0 means that remineraliza-
tion of large detritus is spread over a greater depth range.
An important part of model development was to adjust the
remineralization and detrital-sinking rates so that (i) OMZs occur
in a realistic depth range (layers 4 and 5), (ii) there is a strong
MR loop to maintain P1 at reasonable concentrations, and (iii) eDi
and e0D0i are small enough in the detritus equations for advection
to be inﬂuential. (Regarding (iii), only with this change is it possi-
ble for the model ASOMZ to attain suboxic levels while the BBOMZ
does not; see the end of Section 3.3.) Satisfying (i) ﬁrst requires
that d z and dz0 are properly set to allow both shallow and deep
remineralizations. The best way to satisfy (ii) is then to vary e
andws (e0 andw0s) simultaneously by the same factor R (R
0), thereby
ensuring that dz (dz0) is unchanged.
This adjustment process led to the choices of remineralization
and sinking rates listed above. In fact, solutions are insensitive to
R0; for example, they are almost unchanged when e0 and w0s are
both increased by an order of magnitude. In contrast, solutions
are sensitive to R, and only for sufﬁciently small R is it possible
to satisfy (iii) (Section 3.3). Finally, we note that the need for e to
have a low value is (at least partly) due to the model’s coarse ver-
tical resolution: In a model that adequately resolves dz, e would
have to be three times larger in order to achieve the same, effec-
tive, detrital decay scale as in our model, fdz.
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The biological model includes Laplacian and biharmonic mixing
with constant coefﬁcients of L ¼ 2 103 m2=s and B ¼ 105 m4=s,
the latter included to control small-scale noise that otherwise
develops in the high-speed region of the Somali Current during
the Southwest Monsoon. It also has vertical mixing coefﬁcients,
ji, that differ in the deep and upper layers. In the deep layers,
we set ji = 104 m2/s (i = 4–6). In the upper layers, because eddies
are known to impact vertical mixing (e.g., Koszalka et al., 2009) and
our model lacks such eddies, we use the normalized,
mean, eddy-kinetic-energy ﬁeld, E0ðx; yÞ, based on AVISO data
(Fig. 2)) to increase ji wherever E is large. Speciﬁcally,
we set ji ¼ jb þ bE0 ði ¼ 1—3Þ, where E0 ¼minðE; EmaxÞ=Emax;
Emax ¼ 3:0 103 m2=s2; b ¼ 1:2 104 m2=s, and jb = 0.3
 104 m2/s.
During the course of this study, we varied ji in the biological
model by more than two orders of magnitude. Initially, we utilized
a form of vertical mixing similar to that of Fasham et al. (1990).
When we interpreted that form as vertical mixing of the form jqzz,
we found that the equivalent ji was of the order of 103 m2/s for
the thick (hi  500 m) subsurface layers, an unrealistically large va-
lue. So, we replaced the Fasham mixing with a ﬁnite-difference
form of jqzz in all the biological equations (as in Eqs. (1) and
(2)), and sought to use ji  105 m2/s in a suite of tests: With this
low value of ji, it was not possible to obtain realistic P1 values, be-
cause insufﬁcient nutrients were then supplied to the upper layers.
We then gradually increased ji until P1 was reasonable, ﬁnding
that ji  0.3–1.0  104 m2/s was needed. Such values are larger
than commonly used values in OGCMs (105 m2/s), but are con-
sistent with estimates from recent studies for the Indian Ocean
(Lumpkin and Speer, 2007; Decloedt and Luther, 2010; Cardona
and Bracco, 2012; Huussen et al., 2012).
As we shall see, solutions are sensitive to mixing strength (Sec-
tion 3). Horizontal mixing, for example, is an important process for
spreading high oxygen concentrations from the Southern Hemi-
sphere into the North Indian Ocean. Likewise, vertical mixing is
critical for raising nutrients from the deep ocean (layers 5 and 6)
to the euphotic zone (layers 1–3). During model development,
we sought to reduce mixing coefﬁcients as much as possible, even-
tually settling on the above values. For smaller values, one or more
of the biological ﬁelds is substantially degraded. In particular,
when ji  105 m2/s, although it is still possible to obtain a solu-
tion with reasonable oxygen ﬁelds, P1 is unrealistically weak (see
Section 3.2.2).
2.3. Experimental design
The model basin is a representation of the Indian Ocean north of
30S and west of 115E (as in most ﬁgures below), with grid points
wherever the ocean depth is 200 m or larger in the ETOPO5 data
set. Closed boundary conditions are imposed everywhere, except
forports at the entrances to theRedSea, PersianGulf, and Indonesian
seas located along 43.5E from 11 to 12N, along 25N from 59 to
62E, andalong115E from10 to17S, respectively, and in the south-
western corner of the basin. At the ocean surface, precipitation,
evaporation, and river runoff impact solutions by adding or remov-
ing freshwater from layer 1. SeeAppendixA for a detaileddiscussion
of boundary conditions and the boundary values imposed.
The model is forced by wind stress, speciﬁc humidity, air tem-
perature, incoming shortwave radiation, longwave radiation, and
precipitation. Wind stress is calculated from QuikSCAT daily winds
for the period from April 16th, 2004 to April 15th, 2005, a ‘‘normal’’
year for the Indian Ocean. These winds are looped annually with
smoothing during April to form a repeating cycle. All other forcings
are climatological ﬁelds from the Comprehensive Ocean–Atmo-
sphere Data Set prepared at the University of Wisconsin-Milwaukee(COADS/UWM; da Silva et al., 1994), modiﬁed as recommended by
the authors to use 93% of the shortwave radiation and 112% of the
precipitation (da Silva et al., 1994). Sensible and latent heat ﬂuxes
are determined by bulk formulae, using air-temperature and spe-
ciﬁc-humidity ﬁelds and the model’s layer-1 temperature ﬁeld
(McCreary and Kundu, 1989; McCreary et al., 1993). Diurnal vari-
ability is introduced by specifying solar radiation to have a realistic
diurnal cycle (McCreary et al., 2001).
A spin-up run of the physical model is obtained ﬁrst, integrated
from a state of rest for 50 years. Solutions of the coupled model be-
gin from this background state, and are then integrated for 40 years,
bywhich time both the physical and biological ﬁelds are adjusted to
quasi-equilibrium throughout the Indian Ocean. Solutions shown in
ﬁgures are all taken from the last year of the integration. Our ‘‘con-
trol run’’ uses the mixing coefﬁcients, remineralization rates, and
detrital sinking rates noted above; all other parameters are the
same as in Hood et al. (2003) except that the phytoplankton grazing
rate is reduced by half from 2.5 day1 to 1.25 day1.
In Section 3, we report a number of test solutions obtained
using different parameter values or processes. They are listed in
Table 1, the left column noting their labels and the right column
stating how they differ from the control run. Not included in Ta-
ble 1 is a suite of solutions that vary the southern-boundary condi-
tions for subsurface oxygen and nutrients. We do not include these
solutions because oxygen and nutrient concentrations near the
southern boundary are relatively well known from observations
(in comparison to mixing coefﬁcients and biological parameters),
and provided that changes to them are not large (±20%), the impact
on biological ﬁelds in the North Indian Ocean is limited. Further-
more, the model’s sensitivity to the southern-boundary conditions
is implicit in other solutions that are reported. For example, drop-
ping either advection or horizontal mixing of Oi or Ni from the
model is roughly equivalent to a signiﬁcant reduction in the south-
ern-boundary condition for those ﬁelds.
3. Results
We begin with a description of our control run (Section 3.1), and
then discuss the processes that determine its basin-wide proper-
ties (Section 3.2), cause the eastward shift of its upper ASOMZ (Sec-
tion 3.3), and inﬂuence the relative strengths of its ASOMZ and
BBOMZ (Section 3.4). Consistent with observed data, the annual cy-
cles of subsurface biological ﬁelds are weak in our solutions; we
therefore focus on annual-mean ﬁelds, commenting only on the
weak annual variability of oxygen in Section 3.2.1.3 (also see
Appendix B.5).
3.1. Control run
3.1.1. Physical ﬁelds
The physical ﬁelds in layers 1–4 of the control run are very sim-
ilar to those in solutions to our previous papers, and so we only
brieﬂy comment on them here. The annual-mean current, thermo-
cline depth, and sea-surface temperature ﬁelds in the present
model are close to their counterparts in the McCreary et al. (1993)
2 12-layer model, with layers 1 and 2 in the earlier study correspond-
ing to our ﬁelds averaged in layers 1–3 and in layer 4, respectively.
The mixed-layer response, including the diurnal cycle, is illustrated
in McCreary et al. (2001; compare observed and modeled mixed-
layer thicknesses in their Figs. 1 and 7b). Mixed-layer thicknesses
tend to be somewhat too thick in that study, a deﬁciency that was
corrected in Hood et al. (2003; see the discussion of their Fig. 3).
The mid-depths of layers 4, 5, and 6 are plotted in the right panels
of Fig. 4a (below), which correspond reasonably well to the depths
of observed density surfaces in the left panels. In layers 5 and 6,
the mid-depths are relatively ﬂat and currents are weak.
Table 1
List of experiments.
Solution Description
CTL control run
noadvOi no advection of Oi (i = 4–6)
noadvO4(12N) no advection of O4 north of 12N
noLOi no horizontal mixing of Oi (i = 4–6)
stj3O j3? 1.5j3 in the O3 and O4 equations
wkj3O j3? 0.5j3 in the O3 and O4 equations
noj6O no vertical mixing of O7 across the bottom of layer 6
noeOi no remineralization of small detritus in the Oi equation (i = 4–6)
noe0O no remineralization of large detritus in all oxygen equations
nojiN ji = 0 across the bottom of layer i for nutrients Ni (i = 3,4,6)
noeNi no remineralization of small detritus in the Ni equation (i = 4–6)
noe0N no remineralization of large detritus in all nutrient equations
nojee0N4 no local processes in the N4 equation
now3eN no entrainment of N4
modLw3eN no entrainment of N4 in the western Arabian Sea; L ! 0:5L
now3dN no detrainment of N3 at all
now3dN(N3 > 0) no detrainment of N3 provided N3 > 0
lowNi(init) Ni = 5 lmol N/kg initially (i = 5,6)
lgN4(21N) N4 = 20 lmol N/kg in the Arabian Sea north of 21N
ntrcln externally prescribed nutricline depth
noadvD(12N) no detrital advection in layers 1–3 north of 12N
allD all small detritus
allD0 all large detritus
allD0(WAS) all large detritus in the upwelling zone of the western Arabian Sea
lgws ws? 4ws
smw0s w
0
s ! w0s=4
lgR e and ws both increased by a factor R = 5
noje je = 0 and jbi = 0.75  104 m2/s (i = 1–3)
modO4(PGW) O4 = 0 at the Persian-Gulf inﬂow port
modO5(RSW) O5 = 0 at the Red-Sea inﬂow port
modO4(ITF) O4 = 0 at the Indonesian Throughﬂow port
For each solution, the ﬁrst column lists its name and the second column describes how each test
differs from the control run. The label for each test solution begins with an abbreviation of the
change that is implemented in the test; in most cases, it is followed by the speciﬁc variable that is
changed, and, if needed, by an additional identiﬁer (in parentheses). Subscript i is a layer index. In
solutions with the regional label ‘‘12N,’’ the modiﬁcation is at full strength north of 12N and is
linearly ramped from 8 to 12N. The test runs are separated into groups that, from top to bottom,
concern oxygen, nutrients, detritus, eddies, or boundary processes.
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ment velocity ﬁeld across the bottom of layer 3, w3. In the wes-
tern Arabian Sea, there is a region of positive w3 that is due to
summertime upwelling that occurs where the bottom of the
upper layers (h123 = h1 + h2 + h3) has thinned to its minimum va-
lue (21 m). There is also a band of positive w3 along the equator
in the central/eastern ocean. It occurs in a region where h123
does not reach its minimum, and so results from the thickening
of the mixed layer rather than upwelling. It is not clear whether
this band exists in the real ocean. Since there is no indication of
a signiﬁcant phytoplankton bloom there, which might occur in
response to such entrainment (Fig. 4c), it is likely that it is a
model artifact. Over much of the Arabian Sea and South Indian
Ocean, w3 is negative. This large-scale detrainment happens be-
cause the annual-mean Ekman pumping velocity is negative in
these regions; as a result, h123 remains relatively deep through-
out the year, ensuring that detrainment dominates entrainment
in the annual cycle. Finally, note that detrainment is much
weaker in the Bay of Bengal than the Arabian Sea, a likely reason
for the asymmetry of N4 distributions between the two sub-
basins (Section 3.4).
3.1.2. Oxygen
The modeled oxygen distributions (Fig. 4a, right panels) capture
major features of the observations (Fig. 4a, left panels; Fig. 1),including spreading of higher oxygen concentrations from the
Southern Hemisphere, the eastward shift of the upper ASOMZ
(layer 4), and northward intensiﬁcation of the lower ASOMZ
(layer 5). In addition, the BBOMZ is weaker than the ASOMZ in
the solution, a feature that is misrepresented in most coupled
OGCMs (Oschlies et al., 2008; Gnanadesikan et al., 2012). Note that
the WOA05 ﬁelds lack the eastward shift and northward intensiﬁ-
cation of the upper and lower ASOMZ (top- and middle-left panels)
that are evident in Fig. 1 and reported in Morrison et al. (1998; see
their Figs. 22 and 27), likely due to data scarcity and smoothing
(Bianchi et al., 2012).
Prominent model/observation differences in the Bay are that
model oxygen concentrations are higher in layer 4 and lower in
layers 5 and 6 than in the observations. The causes of these model
biases are not clear. One possibility is that the phytoplankton com-
munity is different in the Bay, for example, having different sinking
rates than in the Arabian Sea (Sections 3.2.3 and 3.4) or requiring
more than two size classes. Another is inaccuracy in the parame-
terization of vertical mixing (Section 3.4).
3.1.3. Nutrients
Consistent with observations, nutrient concentrations are low
in layers 1–3 where photosynthesis can occur, and high in
layers 5 and 6 due primarily to spreading of high nutrient levels
from the southern boundary (Section 3.2.2). Layer 4 is a transi-
Fig. 4b. Maps of nitrogen concentrations (lmol N/kg) fromWOA05 data on the 26.6-rh density surface (left panel) and the corresponding N4 ﬁeld from the control run (right
panel).
Fig. 4a. Maps of oxygen concentrations fromWOA05 data (left panels) and from the control run (right panels), showing data on the 26.6-, 27.2-, and 27.5- rh density surfaces
and the corresponding Oi ﬁelds for layers 4–6 in the top, middle, and bottom panels, respectively. The unit of oxygen concentration is lmol O2/kg. In the left panels, the black
contours (these contours are white for gray-scale version of the ﬁgures) indicate the annual-mean depth of each density surface. In the right panels, they are the mid-depths
of layers 4, 5, and 6, deﬁned by kj ¼
Pj1
i¼1hi þ hj=2. In the top panels, contour intervals are 10 m from 250 to 300 m and 20 m from 300 to 500 m. In the middle panels, they are
25 m from 600 to 800 m and 50 m from 800 to 1100 m. In the bottom panels, the interval is 50 m from 1000 to 1800 m.
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Although the structure of N4 is similar to that of the observed
nitrate ﬁeld on the 26.6-rh density surface (Fig. 4b), its ampli-
tude is weaker, a consequence of low N3 values being detrained
into, and spread throughout, layer 4 (Section 2.2.1; compare to
the top panel of Fig. 9, which shows N4 from Solution now3dN
that lacks N3 detrainment). Note that both observed and mod-
elled ﬁelds have a similar zonal asymmetry, with nutrients being
higher in the Bay of Bengal and lower in the northeastern Ara-
bian Sea. In the model, that asymmetry happens because N3detrainment is larger in the Arabian Sea than in the Bay (Sec-
tion 3.4). In the real ocean, however, denitriﬁcation is known
to contribute to the lower nutrient concentrations in the
northeastern Arabian (Naqvi et al., 1990; Devol, 2008; Ward
et al., 2009), a process not included in our model.
3.1.4. Phytoplankton
In the Arabian Sea, the structure of the annual-mean P1 ﬁeld
compares reasonably well with observations, being strongest near
the Arabian coast, still signiﬁcant in the central basin, and overall
Fig. 4c. Maps of surface chlorophyll concentrations from SeaWiFS data (left panel) and the corresponding ﬁeld from the control run (right panel). To compare modeled and
observed phytoplankton concentrations, values of P1 are converted from the model unit (lmol N/kg) to chlorophyll concentration (mgChl-a/m3) by multiplying them by a
factor of 1.6, the conversion assuming a C:N ratio of 106:16 (atom:atom) and a C:Chl-a ratio of 50:1 (wt:wt).
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result from intense upwelling along the coasts of Somalia and
Oman during the Southwest Monsoon, and the weaker offshore
ones are caused by entrainment/detrainment events during both
monsoons (McCreary et al., 1996; McCreary et al., 2001; Hood
et al., 2003).
Signiﬁcant model/observation differences are that the bloom in
the northern Arabian Sea is weaker than observed, and that blooms
in the Bay of Bengal, near the equator, and south of 15S are too
strong. A likely cause of the weak, northern-Arabian-Sea bloom is
that insufﬁcient layer-4 nutrients are supplied to, or retained in,
the region (Section 3.2.3). The strong blooms in the Bay and near
the equator could happen because there is too much nutrient dif-
fusion or entrainment into the mixed layer in the model (Sections
3.1.1, 3.2.3, and 3.4), or because the model lacks iron limitation
(Wiggert et al., 2006; Wiggert and Murtugudde, 2007). Alternately,
it may be that phytoplankton concentrations are actually higher
than indicated by ocean color, since phytoplankton can reduce
their chlorophyll level (become less green) when light intensity
is high (Geider et al., 1998). Thus, the constant biomass-to-chloro-
phyll conversion factor of 1.6 used in our ﬁgures must vary region-
ally, decreasing (increasing) signiﬁcantly in sunny (cloudy) regions.
Finally, the unrealistically strong bloom in the South Indian Ocean
likely results from the model’s nutricline (implicitly linked to the
bottom of layer 3) being too shallow (Section 3.2.3).
3.2. Basic processes
The basin-wide distributions of oxygen, nutrients, and phyto-
plankton are sensitive to a number of processes. The test solutions
reported below are designed to isolate each of them.
3.2.1. Oxygen
In this subsection, we report the sensitivity of oxygen distribu-
tions to both local (surface production, vertical mixing, sinking and
remineralization) and non-local (advection and horizontal mixing)
processes. We conclude with a discussion of why the oxygen re-
sponse to annually varying detrital ﬂux is weak in our model.
3.2.1.1. Local processes. Although the precise vertical distribution of
oxygen depends on local processes in a complicated manner
(Appendix B), solutions to the numerical model respond qualita-
tively to changes in local parameters in expected ways. For exam-
ple, Fig. 5a (top-left panel) shows O4 from a test solution without
any remineralization of small detritus in layer 4 (e = 0 in Eq. (1),
Solution noeO4), and as expected O4 rises markedly throughout
the basin. In similar tests with e = 0 in the O5 and O6 equations,
the rise is much weaker in layer 5 and essentially does not happen
in layer 6 (not shown), a consequence of small detritus being al-most depleted in the deeper layers. In a test without any reminer-
alization of large detritus (e0 = 0 in all the oxygen equations,
Solution noe0O; bottom-left panel), the oxygen rise is much less
than in Solution noeO4, but is still enough to eliminate suboxic con-
ditions in the Arabian Sea in both layers 4 and 5. Thus, remineral-
ization of large, as well as small, detritus contributes to the model
OMZs.
Fig. 5a (right panels) also illustrates the impact of the down-
ward diffusion of high oxygen concentrations from the upper
ocean. With weaker vertical mixing of oxygen across the bottom
of layer 3 (j3 ! 12j3, Solution wkj3O; top-right panel), less surface
oxygen diffuses into layer 4, and O4 decreases markedly through-
out the North Indian Ocean. Furthermore, O5 is also lower in this
test due to diffusion of the lower O4 levels into layer 5 (bottom-
right panel); as a result, the suboxic region in the Arabian Sea in
the control run (middle-right panel of Fig. 4a) expands and another
develops in the Bay. Without vertical mixing of oxygen from the
deep ocean (j6 = 0 on oxygen, Solution noj6O; not shown), O6 lev-
els decrease somewhat throughout the basin increasingly to the
north, with the largest decrease (J15 lmol O2/kg) occurring in
the Bay. The rather small decrease in O6 indicates that non-local
processes must also contribute signiﬁcantly to the layer-6 oxygen
supply (see next subsection), since otherwise O6 would drop to
zero due to remineralization.
Fig. 5b shows solutions when the detrital sinking rates are
changed. They affect both the depth and magnitude of the oxygen
minimum through their impact on how rapidly detritus decays in
the water column (Appendix B): Generally, when the detrital decay
scales increase, the oxygen minimum deepens and intensiﬁes
(compare left and middle panels of Fig. 10). In the control run,
the decay scales are measured by dz = ws/e = 73 m for small detri-
tus and dz0 ¼ w0s=e0 ¼ 3000 m for large detritus. When ws is in-
creased by a factor of 4 so that dz = 292 m (left panels), the depth
of the ASOMZ increases enough to shift the oxygen minimum out
of layer 4 into layer 5, and suboxic conditions now exist over most
of the Bay. When w0s is decreased by a factor of 4 so that
dz0 ¼ w0s=e0 ¼ 750 m (right panels), oxygen concentrations are low-
er in both layers 4 and 5, so much so that suboxic conditions again
prevail in the Bay in layer 5.
3.2.1.2. Non-local processes. Fig. 5c (top-left panel) plots O4 from a
test solution without O4 advection (v4  $O4 is dropped from
Eq. (1), Solution noadvO4). High oxygen concentrations from the
southern boundary no longer advect northwestward in the
South-Indian-Ocean subtropical gyre, eastward in the tropical
countercurrent near and south of the equator, or northward along
the western boundaries of the Arabian Sea and Bay of Bengal.
Without this major oxygen source, the suboxic area in the Arabian
Sea expands signiﬁcantly, and oxygen levels decrease in the Bay by
Fig. 5a. Maps of O4 in test runs without oxygen loss due to remineralization of small detritus in layer 4 (Solution noeO4; top-left panel) and of large detritus in all layers
(Solution noe0O; bottom-left panel). Maps of O4 (top-right panel) and O5 (bottom-right panel) in a test run with weak mixing of oxygen across the bottom of layer 3 (Solution
wkj3O). The unit of oxygen concentration is lmol O2/kg.
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due to diffusion of the lower O4 levels into layer 5, with suboxic
conditions in the Arabian Sea now extending southward to about
12N (not shown). Without O5 advection (Solution noadvO5; bot-
tom-left panel), O5 is not much changed in the South Indian Ocean.
In the North Indian Ocean, however, the suboxic region expands
southward and oxygen concentrations drop somewhat in theFig. 5b. Maps of O4 (top panels) and O5 (bottom panels) in test runs with a larger sinking
(Solution smw0s; right panels). The unit of oxygen concentration is lmol O2/kg.Bay, indicating the inﬂuence of the weak advection in layer 5.
Without advection in layer 6 (Solution noadvO6; not shown), O6
is essentially unchanged because the circulation is so weak in that
layer.
Fig. 5c (top-right panel) also plots O4 from a test solution with-
out horizontal mixing of O4 (Lr2O4 is dropped from Eq. (1), Solu-
tion noLO4). In the South Indian Ocean, advective spreading ofrate for small detritus (Solution lgws; left panels) and a smaller one for large detritus
Fig. 5c. Maps of O4 (top-left panel) and O5 (bottom-left panel) in test runs without advection of O4 (Solution noadvO4) and O5 (Solution noadvO5), respectively. Maps of O4
(top-right panel) and O5 (bottom-right panel) ﬁelds in test runs without horizontal mixing of O4 (Solution noLO4) and O5 (Solution noLO5), respectively. The unit of oxygen
concentration is lmol O2/kg. Note the sharpening of gradients in the South Indian Ocean in the right panels.
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occurring in distinct tongues. In the Arabian Sea, oxygen levels
decrease enough to cause the suboxic region to expand southward
to 7N. Oxygen also decreases in the Bay by a similar amount, but
the change is less visible because of the non-constant contour
intervals used. Note also that O4 is lowered more in the Bay with-
out O4 advection (top-left panel) than it is without horizontal mix-
ing of O4 (top-right panel), suggesting that advection is somewhat
more important than horizontal mixing in the O4 balance in the
Bay. Without horizontal mixing on O5 (Solution noLO5; bottom-
right panel), suboxic conditions expand to cover most of the North
Indian Ocean. This large change indicates that, in contrast to
layer 4, horizontal mixing in layer 5 is the primary oxygen source
that balances remineralization there. Without horizontal mixing in
layer 6 (Solution noLO6; not shown), O6 decreases as O5 does in
Solution noLO5 but, since O6 is higher than O5 in the control run,
it never drops to suboxic levels.
In Section 1, we noted the possibility that oxygen sources from
the marginal seas (Red Sea, Persian Gulf, and the ITF) might impact
the OMZs. To test this possibility, we obtained test solutions in
which oxygen concentrations were set to zero across the inﬂow
ports (Solutions modO5(RS), modO4(PG), and modO4(ITF)). In each
of the tests, oxygen concentrations decay rapidly away from the
port within 100–200 km due primarily to horizontal mixing, so
that the impact on the solution is small everywhere except very
near the port. Because the Persian-Gulf port is located very near
Oman, suboxic conditions prevail everywhere in the far northern
Arabian Sea in Solution modO4(PG), eliminating the eastward shift
of the upper ASOMZ there.3.2.1.3. Annual cycle. Because the seasonal variability in surface
production is so large in the Arabian Sea, one might expect a cor-
respondingly large seasonal cycle of the ASOMZ. In fact, neither
the ASOMZ nor the BBOMZ in our control run has an appreciable
seasonal variation, for example, with the edges of suboxic regionsshifting only moderately. The most obvious change is for O4 in the
western Arabian Sea: Although the eastward shift of the upper
ASOMZ is present year round, it is somewhat stronger (weaker)
during the Southwest (Northeast) Monsoon due to O4 advection
by the swift coastal currents. Sarma (2002a) argued that the weak
ASOMZ annual cycle happens because seasonal changes in the
sinks and sources of subsurface oxygen tend to compensate. As
suggested by the 1-d solution in Appendix B.5 (summarized next),
however, the likely explanation appears to be simply that the oxy-
gen signal driven by a seasonally varying detrital ﬂux is weak, con-
sistent with the results of Resplandy et al. (2012).
In Appendix B.5, we solve for the detrital and oxygen responses,
Dr(z, t) and Or(z, t), forced by a surface detrital ﬂux that oscillates at
frequency r. In response, Dr oscillates in depth as well as decays,
and somewhat below the surface (at depths greater that
100 m), Or is proportional to Dr. The amplitude of Or is deter-
mined primarily by the amount of Dr that can be remineralized
during any given cycle, which, for the annual cycle, is much less
than the maximum available. It is also limited by vertical mixing,
which smooths the vertical oscillations of Or.
The ratio c, deﬁned in (B25), measures the relative strength of
the oscillatory and steady solutions, providing a mathematical
expression for the above ideas. For the remineralization and sink-
ing parameters used in our model, c is quite small (.0056 and
2.8  105 for small and large detritus), and it remains small for
commonly used values of these parameters. Given the small c val-
ues, the annual variability of subsurface oxygen in the 3-d model
must be driven almost entirely by advection or mixing, rather than
remineralization.3.2.2. Nutrients
Nutrient cycling is the foundation of the model’s biodynamics,
determining the strengths of phytoplankton blooms and, hence,
of the oxygen minima. Here, we discuss the model processes that
supply nutrients to the euphotic zone.
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(N5 J 30 lmol N/kg; N6 J 34 lmol N/kg) owing to the spreading
of high boundary values at the southern boundary and in the deep
ocean into the interior ocean (Appendix A.4), a result consistent
with the conclusions of Sarmiento et al. (2004) and Palter et al.
(2010). This spreading is apparent in test runs with low initial val-
ues of N5 and N6 (Solutions low Ni(init)), in which nutrient concen-
trations begin to approach their equilibrium values after 30 years
of integration. In contrast, the southern-boundary condition for
layer 4 has a much lower value and, hence, in the absence of local
processes in the N4 equation (Solution nojee0N4) N4 adjusts to
lower levels (N4[ 10 lmol N/kg); thus, local processes are critical
for maintaining N4 at a higher level.
The only process that can supply substantial nutrients to layer 4
is vertical mixing of higher nutrient concentrations from layer 5. To
verify this property, we obtained a test solution without nutrient
mixing across the bottom of layer 4 (j4 = 0 for nutrients, Solution
noj4N). The resulting N4 ﬁeld decreases to be [10 lmol N/kg
everywhere in the basin except near the ITF port, and phytoplank-
ton concentrations drop markedly (e.g., P1 6 0.4 and 0.3 mg
Chl-a/m3 in the western Arabian Sea and Bay of Bengal, respec-
tively). Even when there is sufﬁcient mixing of nutrients from
layer 5, however, N4 cannot be maintained without a strong MR
loop. In a test solution without any nutrient remineralization of
small detritus in layer 4 (e = 0 in the N4 equation, Solution noeN4),
N4 again drops to [10 lmol N/kg everywhere except near the ITF
port, and the ecosystem collapses. In a similar test without large-
detritus remineralization (e0 = 0 in all the nutrient equations, Solu-
tion noe0N), N4 still drops but only slightly, an indication that large
detritus does not contribute much to the MR loop that retains
nutrients in the system.
Nutrients are brought into the near-surface ocean (layers 1–3)
either by vertical mixing or entrainment across the bottom of
layer 3. To test the relative importance of each process, we ob-
tained solutions in which one or the other was neglected, namely,
Solution noj3N (j3 = 0 in the N3 and N4 equations) and Solution
now3eN (wþ3 ¼ 0 in the N3 equation). Fig. 6 plots N4 in the two tests:
Since less nutrients are drained from layer 4 in each test, a measure
of the impact of the neglected process is where and by how much
N4 increases. Without vertical diffusion (left panel), N4 increases
throughout the basin but most strongly in the Bay, where the rise
intensiﬁes markedly to the north. Without entrainment (right pa-
nel), the rise in N4 has a similar pattern but with a larger ampli-
tude, particularly in western Arabian Sea where coastal
upwelling is intense. These results indicate that both mixing and
entrainment bring nutrients into the upper ocean, with the inﬂu-
ences of mixing and entrainment being roughly equal in the Bay
but with entrainment dominant elsewhere. The difference in the
Bay of these two test solutions is primarily due to the greaterFig. 6. Maps of N4 (lmol N/kg) in test runs without mixing of nutrients (Solution noj3N
bottom of layer 3.freshwater inﬂux, which strengthens the near-surface stratiﬁcation
and hence inhibits mixed-layer entrainment.3.2.3. Phytoplankton
In order for solutions to develop a ‘‘realistic’’ P1 ﬁeld (that is,
similar to the chlorophyll ﬁeld determined from ocean-color obser-
vations), the system must be able to bring enough new nutrients
into the euphotic zone and to retain them there once they arrive.
Fig. 7 plots P1 from four test solutions that alter processes that
may impact the supply (vertical mixing and entrainment) and
retention (detrital sinking rates) of nutrients in the upper ocean.
When vertical mixing of nutrients from layer 4 is deleted (j3 = 0
in the N3 and N4 equations, Solution noj3N; Fig. 7, top-left panel),
the impact on P1 is surprisingly weak ([0.05 mg Chl-a/m3) almost
everywhere. A notable exception is the Gulf of Aden where P1
strengthens by as much as 0.2–0.3 mg Chl-a/m3; its cause must be
the rise in N4 there (Fig. 6, left panel), which increases the nutrient
supply available for coastal upwelling (entrainment). In contrast,
when entrainment of nutrients from layer 4 is neglected (Solution
now3eN; Fig. 7, top-right panel), P1 decreases substantially every-
where except in the Bay. Thus, these changes in P1 support the con-
clusion at the end of the last subsection, namely, that nutrient
entrainment is the dominant process for bringing nutrients into
the upper ocean everywhere except in the Bay.
Blooms are also affected by the detrital sinking rates through
their impact on nutrient retention. With only small detritus
( = 1, Solution allD; Fig. 7, bottom-left panel), P1 becomes too large
in many regions of the basin, because there is not enough export to
the deep ocean. Conversely, with all large detritus ( = 0, Solution
allD0; Fig. 7, bottom-right panel), P1 is much too weak throughout
the basin since there is no longer a strong MR loop.
Recall that the modeled bloom in the northern Arabian Sea is
unrealistically weak in the control run (Fig. 4c). Note that in Solu-
tion allD, with its stronger MR loop, the northern-Arabian-Sea
bloom strengthens markedly. The bloom also strengthens in a test
run with N4 artiﬁcially enhanced north of 21N in the Arabian Sea
(Solution lgN4(21N)). Both tests point toward insufﬁcient nutrient
supply or retention in the control run as the likely cause of the
weak bloom there. In their numerical solutions, Resplandy et al.
(2011) noted the importance of the transport of nutrients into
the region from the western basin by eddies; another possibility,
then, is that our parameterization of eddy mixing is too weak in
the northern Arabian Sea.
Also recall that P1 is too high in the Bay of Bengal, near the equa-
tor, and in the South Indian Ocean (Fig. 4c). A possible cause is that
the nutricline is implicitly located at the bottom of layer 3 in our
model, whereas in the real ocean it typically lies at the bottom of
the euphotic zone. To test this idea, we obtained solutions in which
the nutricline depth was externally prescribed to lie in a speciﬁc; left panel) or entrainment of nutrients (Solution now3eN; right panel) across the
Fig. 7. Maps of P1 in test runs without vertical mixing of nutrients (Solution noj3N; top-left panel) or entrainment of nutrients (Solution now3eN; top-right panel) across the
bottom of layer 3, with only small detritus (Solution allD; bottom-left panel), and with only large detritus (Solution allD0; bottom-right panel). The unit is mgChl-a/m3,
converted from lmol N/kg in the model as described in the caption to Fig. 4c.
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located from 60 to 85 m, similar to its observed depth in the North
Indian Ocean, P1 was only weakly affected. When it was allowed to
deepen to 160 to 185 m south of 15S, consistent with the observed
nutricline, P1 did lower to observed levels there. Given the insensi-
tivity in the North Indian Ocean, we decided not to include an exter-
nal nutricline as a standard parameterization.
3.3. Eastward shift
Here, we report solutions that test the four hypotheses for the
eastward shift of the upper ASOMZ stated in Section 1. We con-
clude by discussing the requirement that R (deﬁned in Sec-
tion 2.2.2) must be sufﬁciently small (close to 1) for solutions to
have a realistic eastward shift.
Hypothesis 1 proposes that the eastward shift is generated by
northward advection of high oxygen concentrations along the
Omani coast. Consistent with this hypothesis, there is no eastward
shift in a test run without O4 advection in the Arabian Sea north of
12N (Solution noadvO4(12N); Fig. 8, top panels). As might be ex-
pected, DO4 is negative in the western Arabian Sea, because the
northward advection of high O4 by the swift coastal currents dur-
ing the Southwest Monsoon is suppressed in the test. Recall that
oxygen advection from the Persian Gulf also impacts the eastward
shift in the far northern Arabian Sea (end of Section 3.2.1.2), a con-
clusion consistent with results reported by Naqvi et al. (2003). We
conclude that, at least in the parameter range of the control run,
oxygen advection is the most important process for generating
the eastward shift: Without this process, it is impossible to adjust
other parameters reasonably to generate the shift.
Hypothesis 2 proposes that the eastward shift is generated by the
lack of eddy mixing in the central/eastern Arabian Sea. To explore
this idea, we obtained a test solution without vertical eddy mixing.
In the test, the eastward shift vanishes simply because the suboxic
regions expand to ﬁll the entire northern basin. (The response in
the test is similar to, but weaker than, those in Solutions wkj3Oand noLO4 shown in the upper-right panels of Figs. 5a and 5c.) To
prevent this extreme drop, we also obtained tests in which the ab-
sence of eddy mixing is compensated for by an increase in back-
ground mixing. Fig. 8 (middle panels) shows an example of such a
run (je = 0 and jbi = 0.75  104 m2/s, i = 1–3; Solution noje), and
theminimumofO4 is no longer conﬁned to thenortheasternArabian
Sea but rather is spread more uniformly across the Arabian Sea. A
similar pattern exists in test solutions for smaller (larger) values of
jbi, with O4 levels decreasing (increasing) in the northern basin.
We conclude that the eastward shift is enhanced by vertical eddy
mixing near the western boundary.
Hypothesis 3 proposes that detritus is small enough to be ad-
vected appreciably northward and offshore from Oman before it
can sink near the coast to generate amid-depthOMZ.We tested this
idea by removing advection of small detritus north of 12N in
layers 1–3, the layers where advection is strong (Solution noadv
D(12N); Fig. 8, bottom panels). (Another test solution with detrital
advection dropped in all layers is essentially the same.) Lower O4
values still exist in the central/eastern basin in the test.We therefore
conclude that Hypothesis 3 cannot account for the eastward shift.
Surprisingly, DO4 in Solution noadv D(12N) is not conﬁned to
the western basin but rather is largest in the northeastern basin,
where it is large enough to raise O4 above suboxic levels. Since
the only change in the solution is to drop detrital advection, we
conclude that a signiﬁcant amount of the remineralization that oc-
curs in the northeastern Arabian Sea is fueled by remotely-gener-
ated detritus, particularly from the highly productive regions in
the western basin. In this regard, it is noteworthy that O4 also rises
along the Omani coast in the test. This property is counterintuitive
since locally-generated detritus is not advected from the coast, and
therefore should be available to enhance local remineralization.
The rise must indicate that in the control run northward advection
of detritus from the Somali region contributes more to detrital lev-
els off Oman than local generation does; consequently, in the test
the amount of detritus off Oman decreases, subsurface reminerali-
zation is weakened, and O4 levels rise.
Fig. 8. Maps of O4 and DO4 for the Arabian Sea from test solutions without advection of O4 north of 12N (Solution noadvO4(12N); top panels), without vertical eddy mixing
(Solution noje; middle panels), and without advection of small detritus in layers 1–3 north of 12N (noadvD(12N); bottom panels). The unit of oxygen concentration is
lmol O2/kg.
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sinking so rapidly that the OMZ is generated at greater depths. We
tested this idea in a solution with only large detritus within
100 km of the Somali and Omani coasts and without vertical eddy
mixing (Solution allD0(WAS); not shown), the latter change included
to eliminate any eastward shift not caused by Hypothesis 4. As ex-
pected from Solution allD0 (similar to left panels of Fig. 5b), this
change does raise O4 along the coast, essentially shifting the oxygen
minimum from layer 4 to layer 5. The rise, however, does not remain
coastally conﬁned but rather spreadswell into the interior of the ba-
sin, a consequence of less coastal nutrients and detritus being avail-
able to fuel offshore production and remineralization. Given this
offshore spreading, we conclude that Hypothesis 4 cannot provide
a viable explanation for the shift.
Parameters are adjusted in the control run so that O4 has a
prominent eastward shift, with suboxic concentrations in the cen-
tral/eastern Arabian Sea. We found that this distribution required
both ws and e to be sufﬁciently small (i.e., the factor R is close to
1; see Section 2.2.2). For example, in a test solution with R = 5
(Solution lgR), the resulting change in O4 is similar to that in the
bottom panels of Fig. 8, with DO4 increasing in the northeastern
basin and O4 rising above suboxic levels. This similarity is not coin-
cidental, but rather is an indication of the strong impact that R has
in the detrital equations. Since ws is increased by a factor of 5, Di
drops roughly by a factor of 5 in each layer (consistent with Eqs.
(B2a)), but, because e is also increased by 5, eDi remains almost un-
changed. Thus, all the terms in the detrital equations are weakenedrelative to local remineralization, eDi, by a factor of 5. In particular,
detrital advection is relatively weaker, accounting for the similarity
of the response to that in Solution noadvD(12N) in which detrital
advection is dropped altogether. In solutions with larger R, the only
way to allow for suboxic levels in the central/eastern Arabian Sea
in layer 4 is to decrease mixing, but in that case the BBOMZ reaches
suboxic levels as well. For this reason, it is necessary to keep R  1.
3.4. Asymmetry between Arabian Sea and Bay of Bengal
Mid-depth oxygen and nutrient concentrations differ between
the Arabian Sea and the Bay of Bengal, with both O4 and N4 being
higher in the Bay; furthermore, O4 in the Bay is higher than ob-
served (Figs. 4a and 4b). What processes account for these
differences?
3.4.1. Oxygen
An unexpected property of the control run is that N4 and P1 are
both higher in the Bay than in the central/eastern Arabian Sea
(Figs. 4b and 4c), and that O4 is higher as well (Fig. 4a): The higher
N4 and P1 ﬁelds indicate that local production is higher in the Bay
than the central/eastern Arabian Sea, which should lead to lower
O4 levels. The resolution of this apparent contradiction lies in the
different strengths of detrital advection in the two sub-basins. In
the Arabian Sea, advection of detritus from the western Arabian
Sea contributes substantially to remineralization in the central/
eastern basin, intensifying the OMZ there (Section 3.3). This pro-
Fig. 9. Map of N4 (lmol N/kg) from a test solution without any detrainment of N3
(Solution now3dN; top panel). Annual-mean velocity across the bottom of layer 3,
w3 (cm/day) (bottom panel).
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strong western-boundary upwelling. Indeed, in the test solution
without detrital advection north of 12N (Solution noadvD(12N),
bottom panels of Fig. 8), O4 increases in the northern Bay, indicat-
ing that in the control run detrital advection is a sink, rather than
source, of detritus.
We tuned model parameters to ensure that O4 levels are as close
to observations as possible in the Arabian Sea. Since there is no rea-
son that parameter values should be the same in the Bay, the fact−1500
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Fig. 10. Vertical proﬁles of oxygen distributions from the 1-d model, showing O(z) for di
(left panel) and large (middle panel) detritus in the control run of the 3-d model, and for
when Oz = 0 at z = H = 1500 m ðeO ¼ eOaÞ. The thick-solid proﬁles are for values of j whthat O4 levels are somewhat too high there is not surprising. This
idea is supported by the sensitivity of our solutions to mixing
and detrital sinking rates. For example, O4 increases in a solution
with larger vertical mixing in the upper ocean (j3? 1.5j3, Solu-
tion stj3; not shown) because of the stronger downward mixing
of higher O3. Similarly, O4 rises in a solution with larger ws (Solu-
tion lgws; see the discussion of Fig. 5b) because the oxygen mini-
mum shifts from layer 4 to layer 5.
3.4.2. Nutrients
The N4 asymmetry results from the detrainment of N3 being
muchweaker in the Bay. In a test solution without any detrainment
of N3 into layer 4 (Solution now3dN; Fig. 9, top panel; see Appendix
A.2), N4 increases markedly everywhere in the North Indian Ocean
since low N3 values are no longer detrained into layer 4; further-
more, the region of low N3 in the central/eastern Arabian Sea disap-
pears. To conﬁrm the importance of detrainment in the asymmetry,
Fig. 9 (bottom panel) plots the annual-mean, across-interface veloc-
ity w3 ðw3Þ. Detrainment is predominant throughout the Arabian
Sea except near the west coast, whereas detrainment is conﬁned
to the western half of the Bay, and is much weaker there than in
the Arabian Sea. (In separate annual-mean maps of detrainment
w3d and entrainment w3e, the locations and strengths of each pro-
cess are essentially the same as they are in w3.) These inter-basin
differences in w3 result from the different wind forcings in the
two regions; for example, during the Southwest Monsoon there is
strong downward Ekman pumping east of the Findlater Jet in the
Arabian Sea, but a similar feature is not present in the Bay.
3.4.3. Implications for coupled OGCMs
In most coupled OGCM solutions, the BBOMZ is stronger than
the ASOMZ. Despite considerable experimentation, we were not
able to reproduce this reversal by adjusting parameters. Our test
solutions, however, suggest several ways for strengthening the
BBOMZ. As noted above, O4 (and O5) can be lowered to suboxic
levels in the Bay by decreasing mixing coefﬁcients to weaken the
subsurface oxygen supply or by altering the phytoplankton com-
munity (Figs. 5a, 5b, and 5c). These changes always strengthen
the ASOMZ at the same time, and so by themselves cannot account
for the reversal. A more likely reason for the ASOMZ being too
weak in coarse-resolution OGCMs (>1) is that they cannot gener- 100  150  200
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3
1.95
1.2
0.69
0.3
 0  50  100  150  200
O(z) [μmolO2/kg]
0.75D + 0.25D´
κ [cm2/s]
3
1.64
1.2
0.82
0.3
fferent j values when the remineralization and sinking rates are those for the small
a mixture of both classes (right panel). The thick-dashed proﬁles are for values of j
en O = 0 at a single point ðeO ¼ eObÞ. The unit of oxygen concentration is lmol O2/kg.
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run with N4 entrainment suppressed in the Arabian Sea within
400 km of the coast and with reduced horizontal mixing (Solution
modLw3eN), and the ASOMZ and BBOMZ did reverse in strength.
We conclude that only a serious model deﬁciency like the above
can generate an ASOMZ/BBOMZ reversal.4. Summary and discussion
We investigate the dynamics of the Indian-Ocean OMZs, using a
6 12-layer, variable-density, physical model coupled to an NPZDD
0O
biological model. Our control run is able to simulate basic features
of the observed oxygen, nutrient, and phytoplankton ﬁelds
throughout the Indian Ocean (Section 3.1), including the eastward
shift of the upper ASOMZ and asymmetries between the Arabian
Sea and Bay of Bengal. In a suite of test solutions, we identify key
processes at work in the control run by altering or removing each
of them (Table 1).4.1. Oxygen
In steady state, subsurface oxygen levels are determined by a
balance, or lack thereof, between local (remineralization and verti-
cal mixing) and non-local (advection and horizontal mixing) pro-
cesses. To assess the impact of local processes, we obtain
solutions to a 1-d simpliﬁcation of the 3-d model (Appendix B).
They show that as vertical mixing j weakens (or surface produc-
tion D0 increases), the oxygen proﬁle O(z) changes from a state
with no OMZ, to one with a single minimum, to one where O = 0
in a central part of the water column (Fig. 10). In addition, they
identify that key parameters for setting the depth of the oxygen
minimum is the detrital decay scales, which in most of our runs
are dz =ws/e = 73 m and dz0 ¼ w0s=e0 ¼ 3000 m for small and large
detritus (orfdz ¼ 184 m andfdz0 ¼ 3148 m after taking into account
the model’s coarse vertical grid; see Appendix B.3), respectively.
Test solutions conﬁrm that these properties also exist in our 3-d
solutions. When vertical mixing in the upper ocean is reduced by
half, for example, suboxic regions expand in the Arabian Sea and
the Bay (Fig. 5a, right panels). With ws, and hence dz, increased
by a factor of 4, the ASOMZ shifts to layer 5 throughout the Arabian
Sea; conversely, with w0s and dz
0 decreased by a factor of 4, the oxy-
gen minimum for large detritus occurs at shallower depths, and
oxygen levels in both layers 4 and 5 drop considerably (Fig. 5b).
Non-local processes also impact the OMZs, with the horizontal
extent of the OMZs expanding markedly when subsurface oxygen
sources are weakened. Advection of high oxygen concentrations
from the Southern Hemisphere is an important process in the ther-
mocline (layer 4), as oxygen levels drop substantially when it is ne-
glected (Fig. 5c, top-left panel). Horizontal mixing is predominant
in the deeper layers where advection is weak, accounting for most
of the spreading of oxygen into the North Indian Ocean; it also im-
pacts layer 4 in regions where currents are weak (Fig. 5c, top-right
panel). Higher oxygen inﬂow from the Persian Gulf has a notable
effect on the eastward shift, while the Red Sea and ITF have little
impact.
The annual cycle of subsurface oxygen, Or, is surprisingly small
even though that of detritus, Dr, is not (Appendix B.5). The reason
is that the amount of Dr that can be remineralized during any gi-
ven cycle is much less than the maximum available. Furthermore,
Or is also limited by vertical mixing, which smooths the vertical
oscillations of Or. Given its small amplitude due to remineraliza-
tion, any annual variability in subsurface oxygenmust be driven al-
most entirely by advection or mixing, a conclusion consistent with
the results of Resplandy et al. (2012).4.2. Nutrients and phytoplankton
Nutrient cycling is a critical aspect of the model’s biodynamics.
Nutrients in the deep ocean (layers 5 and 6) are supplied primarily
by advection and horizontal mixing of high nutrient concentrations
from the southern boundary (J30 lmol N/kg). In contrast, at the
thermocline level (layer 4), where boundary conditions for nutri-
ents are much lower (10 lmol N/kg), nutrients are supplied to
layer 4 by upward mixing from the deep ocean and by remineral-
ization. Nutrients are brought to the upper ocean (layers 1–3) by
both upward mixing and entrainment; the latter process domi-
nates the former everywhere except in the Bay of Bengal, where
the stronger near-surface stratiﬁcation caused by rainfall and river
runoff weakens entrainment (Fig. 6).
Most of the processes that affect the upper-ocean nutrient sup-
ply also affect phytoplankton blooms. When vertical mixing of
nutrients into the upper ocean (across the base of layer 3) is
dropped, P1 decreases weakly almost everywhere in the basin; in
contrast, without N4 entrainment P1 drops substantially every-
where in the basin, but least of all in the Bay where entrainment
is generally weakened by freshwater-induced stratiﬁcation
(Fig. 7, top-right panel). The amplitude of P1 also responds to the
parameters that impact the MR loop; for example, in test solutions
with all small or all large detritus, P1 is either unrealistically large
in most regions of the basin or the ecosystem collapses (Fig. 7, bot-
tom panels).4.3. Eastward shift
We obtained solutions to test the four hypotheses for the east-
ward shift of the upper ASOMZ noted in Section 1. The most impor-
tant process is northward advection of high O4 levels from the
Southern Hemisphere by western-boundary currents (Hypothesis
1), as the shift vanishes in a test solution without that process
(Fig. 8, top panels); consistent with the conclusions of Naqvi
et al. (2003), the inﬂow of Persian-Gulf water also contributes to
the shift in the far-northern Arabian Sea. Another inﬂuential mech-
anism is vertical eddy mixing (Hypothesis 2), which enhances the
shift by preferentially mixing high, near-surface oxygen concentra-
tions into layer 4 in the western basin (Fig. 8, middle panels). Detri-
tal advection is not important for generating the shift (Hypothesis
3), but it does impact the strength of the upper ASOMZ (Fig. 8, bot-
tom panels): Strong near-surface currents advect small detritus
from the western to the central/eastern Arabian Sea, thereby
strengthening remineralization and lowering oxygen concentra-
tions to suboxic levels there. An increase of the detrital sinking rate
in the intense upwelling regions off Somalia and Oman raises O4
levels locally (Hypothesis 4); however, the O4 rise is not coastally
conﬁned, inconsistent with observations. Finally, it is not possible
for solutions to develop a realistic eastward shift for larger values
of e and ws (factor R; Section 2.2.2), because then the impact of
detrital advection is inhibited.4.4. Arabian Sea/Bay of Bengal asymmetry
In the control run, P1, N4, and O4 concentrations are all higher in
the Bay of Bengal than they are in the Arabian Sea, which is surpris-
ing since higher surface production (P1 and N4) is expected to lead
to lower O4. The reason for the higher O4 levels is traceable to the
lack of a strong detrital source in the western Bay. The higher N4
levels happen because the annual-mean detrainment in the Bay
is near zero; in contrast, in the Arabian Sea it is downwelling favor-
able, so that more low N3 is detrained into layer 4. The O4 levels in
the Bay are also higher than observed values, possibly because
either vertical mixing or the ecosystem community (detrital sink-
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Arabian Sea.
The sensitivity of our model to mixing strength and detrital
sinking rates points toward possible causes for why the BBOMZ
is stronger than the ASOMZ in many coupled OGCMs (e.g., Moore
and Doney, 2007; Oschlies et al., 2008; Gnanadesikan et al.,
2012). We are able to simulate this reversal in a test solution with
N4 entrainment (upwelling) suppressed in the western Arabian Sea
and with reduced horizontal mixing.
4.5. Model development
During model development, we sought to adjust model param-
eters and processes so that solutions have realistic oxygen, nutri-
ent, and phytoplankton ﬁelds. Satisfying all three constraints was
difﬁcult, as solutions are sensitive to various parameters and pro-
cesses, and often a change that improved one ﬁeld worsened
another.
Mixing: A critical adjustment was to specify the overall
strength of mixing in the biological model, which is problematic
since observed estimates of oceanic mixing vary so much. To
ensure that solutions have realistic oxygen and nutrient ﬁelds,
horizontal mixing coefﬁcients had to be of the order
Li ¼ 2 103 m2=s, particularly in the deep ocean (layers 5 and 6)
where advection is weak (Fig. 5c, bottom-right panel). To ensure
that solutions have realistic P1 and N4 concentrations, vertical
mixing coefﬁcients have to be sufﬁciently large; in the control
run, they lie in the range of 0.2  104 < ji < 1.6  104 m2/s, the
upper limit occurring only where eddy activity has its peak
amplitude.
Two detrital classes: Another important model improvement
was the introduction of two detrital classes. The small class pro-
vides an efﬁcient MR loop, the large one allows detrital export,
and both are needed for OMZs to occur over a realistically large
depth range. This requirement is related to Dugdale and Goering’s
(1967) classic conceptual model that separates primary production
into components fueled in two ways: by recycled nitrogen within
the euphotic zone; and by new nitrogen supplied to the euphotic
zone from depth, which in a steady-state system equals the detrital
export. In our solutions, however, the remineralization of detritus
(both small and large) occurs well below the euphotic zone, and
contributes substantially to subsurface oxygen consumption. The
implication is that an extension of Dugdale and Goering’s (1967)
model is at work in the oceanic mesopelagic zone, and that it must
be explicitly included in models in order to simulate properly near-
surface primary production and detrital export, as well as subsur-
face remineralization and oxygen drawdown.
Remineralization and sinking: Finally, we highlight the impor-
tance of setting detrital remineralization and sinking rates prop-
erly. For one thing, the detrital decay scales, ws/e and w0s=e
0, must
have values that ensure the model OMZs occur over a realistic
depth range (Section 2.2.2). For another, both e and ws (i.e., factor
R) must be small enough (close to 1) for advection to be important
in the detrital equations; otherwise, remotely-generated detritus
will not reach the central/eastern Arabian Sea, and O4 cannot be
lowered to suboxic levels there. In this regard, we note that any
3-d biophysical model that uses a Martin curve (Martin et al.,
1987) to parameterize subsurface detrital remineralization elimi-
nates the impact of non-local processes on detrital distributions,
and will therefore not likely be able to simulate the eastward shift
of the ASOMZ.
In conclusion, we have developed a biophysical model that can
simulate basic properties of the Indian-Ocean oxygen, nutrient,
and phytoplankton ﬁelds, identiﬁed key processes, and explored
the sensitivity of solutions to each of them. Despite the model’ssimplicity, we expect that our results are general enough to apply
to more complex systems and to OMZs in other regions. Perhaps
most importantly, they suggest that any effort to simulate ob-
served oxygen distributions will need to consider carefully the
speciﬁcations of mixing and detrital classes in the biological model.
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Appendix A. Model details
In this appendix, we report equations for the biological model,
as well as boundary and initial conditions for the coupled system,
which for brevity are not included in Section 2.
A.1. Equations
Equations for the physical model are written down in McCreary
et al. (1996), and subsequent modiﬁcations are reported in McCre-
ary et al. (2001) and Hood et al. (2003). The 6 12-layer version is a
straightforward extension of the Hood et al. (2003) model to in-
clude two deep layers.
Let qi be the value of variable q (N, P, Z, D, D0, and O) in layer i for
the biological model. Each qi is determined by an advective–diffu-
sive equation of the form
qit þ v i  $qi  Lir2qi þ Br4qi ¼ Vqi þ Sqi ; ðA1Þ
where Vqi are vertical-ﬂux terms that describe the transfer of the
variables between layers, Sqi are source-sink terms within a given
layer, and Li and B are Laplacian and biharmonic mixing coefﬁcients
deﬁned in Section 2.
A.2. Vertical-ﬂux terms
The general form of Vqi is
Vqi ¼ wþi
qi  q0iþ1
hi
þwi1
qi  q0i1
hi
þ dqiO3w3 þ dqiN3w3 þ dqiN4wþ3
  qi  q0i
hi
þ ji1
hi
qi1  qi
hi1;i
 ji
hi
qi  qiþ1
hi;iþ1
 dqiDiws þ dqiD0iw
0
s
  qi  qi1
hi
: ðA2Þ
The expressions proportional to w, j, and ws result from across-
interface ﬂuxes due to entrainment and detrainment, diffusion,
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hij ¼ ðhi þ hjÞ=2 and ji is deﬁned in Section 2. Note that in a level
model for which hi = Dz and ji = j, the two diffusion terms reduce
to j(qi+1  2qi + q11)/Dz2, the standard centered-difference form
of the operator jqzz. Velocities ws and w0s are the sinking rates of
small and large detritus. In order to summarize Vqi for all variables
and layers in a single equation, (A2) includes terms multiplied by
the Kronecker delta symbol dqr (deﬁned by dqr = 1 if q = r and
dqr = 0 otherwise). Thus, the terms on the ﬁrst line proportional to
dqiO3 ; dqiN3 , or dqiN4 contribute only when qi is O3, N3, or N4, and the
detrital sinking terms contribute only when qi is Di or D
0
i.
Variable qi is affected by entrainment and detrainment only
when water enters the layer, that is, only by wi when water from
layer i entrains water from layer i + 1 or by wi1 when layer i  1
detrains water into layer i: Only in these cases will water from an-
other layer be mixed into layer i. To implement these processes, it
is necessary to split wi into its positive (entrainment) and negative
(detrainment) parts, wþi  ðwi þ jwijÞ=2 and wi  ðwi  jwijÞ=2,
respectively. Normally, q0i ¼ qi, but for some of the terms involving
w3 (discussed next) we allow q0i – qi; in that case, the terms in
parentheses on the second line of (A2) provide corrections that still
allow q to be conserved. As for the physical model,w4 =w5 = w6 = 0
so that entrainment and detrainment act only at the bottoms of
layers 1–3.
As noted in Section 2, the detrainment of O3 into layer 4 re-
quires special treatment: If allowed to occur, oxygen concentra-
tions would become so high in layers 4 and 5 that realistic OMZs
could never form, a consequence of high oxygen levels in layer 3
being instantly spread throughout layer 4. To avoid this problem,
we set O03 ¼ O4 in (A2), thereby eliminating all downward mixing
of O3 into layer 4 by detrainment. The correction term proportional
to dqiO3 in (A2) then ensures that the oxygen that would otherwise
have been detrained into layer 4 is stored in layer 3.
Almost all the solutions reported in this paper allow detrain-
ment of N3 into layer 4, that is, N
0
3 ¼ N3. A consequence of this
choice, however, is that N4 values are signiﬁcantly lower than ob-
served, because the low N3 values that are detrained are spread too
efﬁciently throughout layer 4 (Section 3.1.3). To avoid this prob-
lem, we obtained a few test solutions with N03 ¼ N4, except when
N3 = 0 in which case N
0
3 ¼ N3. The exception is needed since
otherwise N3 can easily decrease to zero, and in that case N3
detrainment must be switched on to prevent a spurious nutrient
source.
For most solutions, the model formulation implicitly assumes
that the nutricline coincides with the top of the model’s thermo-
cline (at the depth h123 = h1 + h2 + h3), whereas in the real ocean
the two need not be the same. To test the impact of this restriction,
we obtained several test solutions in which the nutricline is exter-
nally prescribed. Speciﬁcally, we assume that the nutricline has a
top and bottom at the depths zt and zb, respectively, that nutrient
concentrations just below zb are N4 and just above zt are N3, and
that they vary linearly from N4 to N3 at depths in between zb and
zt. It follows that the nutrient concentration that is entrained into
layer 3, N04, is given by
N04 ¼
N4; h123 P zb;
N4 þ N3N4zbzt ðzb  h123Þ; zt 6 h123 < zb;
N3; 21 m < h123 < zt;
N4; h123 ¼ 21 m:
8>><>>: ðA3Þ
When there is strong upwelling in which the upper three layers all
thin to their minimum values, that is, when h123 ¼
P3
i¼1himin ¼
21 m, the nutricline itself is upwelled to the surface: The last line
in (A3) allows for maximum nutrient entrainment during such
events. (For most solutions, N04 ¼ N4 regardless of the value of
h123. Therefore, Eq. (A3) tends to weaken the entrainment ofnutrients into the upper ocean whenever h123 is less than zb.) For
the solutions reported at the end of Section 3.2.3, zb = zt + 25 m
and zt is either 60 m or it deepens from 60 m north of the equator
to 160 m in the South Indian Ocean (Solution ntrcln).
A.3. Source and sink terms
The source and sink terms are the same as those in Hood et al.
(2003), except that there are additional terms for oxygen and a sec-
ond detrital class. In the following expressions, there are a number
of variables that are not deﬁned here; their deﬁnitions and values
can be found in McCreary et al. (1996).
The source-sink term for oxygen is
SOi ¼ / gI iNiPi  angrF iZi  eDi  e0D0i
 þ di1KDp	; ðA4Þ
where / = 8.625 (lg Chl-a/kg)/(lmol N/kg). The terms on the right-
hand side of (A4) represent a source of oxygen by photosynthesis
(gI iNiPi), sinks due to grazing (angrF iZi) and remineralization of
detritus eDi þ e0D0i
 
, and oxygen exchange with the atmosphere in
layer 1 (KDp⁄). Variable Dp⁄ is the oxygen partial-pressure differ-
ence across the air-sea interface, and K is the exchange velocity
determined from wind speed and solubility as in Wanninkhof
(1992). Oxygen concentration is assumed to be saturated at the
ocean surface; its value is calculated using the formula in Garcı´a
and Gordon (1992), except that the formulation of the Schmidt
number for oxygen in seawater comes from Keeling et al. (1998).
The source-sink term for small detritus is
SDi ¼ ½ð1 az  anÞgrF iZi þ lPPi þ lzZi
  eDi; ðA5Þ
where  is the fraction of the total detritus concentration that is
small. The terms within the brackets represent sources of detritus
due to grazing [ð1 az  anÞgrF iZi], phytoplankton and zooplankton
death (lPPi + lzZi), plus a sink due to remineralization (eDi). A sim-
ilar expression holds for large detritus with the replacements
Di ! D0i and ? 0 = 1  .
Since the model does not have two phytoplankton size classes, 
is determined by P1, with the relative amounts of small and large
detritus increasing with P1. Speciﬁcally,
 ¼
 ¼ min; P1 > bP
 ¼ min þ maxminbPP ðbP  P1Þ; P < P1 6 bP
 ¼ max; P1 6 P;
8>><>: ðA6Þ
where max ¼ 0:9; min ¼ 0:5; P ¼ 0:31 lmol N=kg, and bP ¼ 0:94 lmol
N=kg. According to (A6), the relative concentration of small detritus
decreases from 90% to 50% as P1 increases. The choices of min and max
are based on the idea that the export ratio drops to 5–10% under more
oligotrophic conditions (Eppley and Peterson, 1979).
A.4. Boundary conditions
The locations andwidths of the Red-Sea, Persian-Gulf, and Indone-
sian-Throughﬂow ports are provided in Section 2.3. Unless speciﬁed
otherwise, the Persian Gulf and Red Sea exchange water with the
Arabian Sea. Speciﬁcally transports across the Persian-Gulf port in
layers 1–4 are (M12, M3, M4) = (0.15,0,0.15) Sv,M12 is the combined
transport of layers 1 and 2. The transports across the Red-Sea port are
taken fromthe3-layer systemofSoﬁanosand Johns (2002; their Fig. 1),
withM12, M3 andM5 equal to themonthlyvalues in theirupper,middle
and deep layers. The ITF inﬂow is contained in layers 1–4. Zonal
transports across the ITF port are (M12; M3; M4) = (3,3,2) Sv. All
transports are spread uniformly across the port width.
Precipitation, evaporation, and river runoff impact solutions by
adding or removing freshwater from layer 1, thereby altering S1. Since
accurate runoff data is not available, it is determined by nudging S1 to
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S1 > SSS in a coastal grid box, S1 is relaxed to SSS with a time scale of
30 days, requiring that fresh water is added to the box at each time
step. This ‘‘virtual runoff’’ keeps coastal values of S1 near SSS while
at the same time allowing the interior S1 ﬁeld to adjust freely to
evaporation minus precipitation (Yu and McCreary, 2004).
The southern boundary is closed except within 7 of the western
boundary in layers 1–5. LetMbe the net transport added to the basin
in layers 1–4 by the Red Sea, ITF, precipitation minus evaporation,
and river runoff. (There is nonet transport in layers1–4 fromthePer-
sian-Gulf inﬂow/outﬂow.) The transport,M, is then imposedacross
the southern-boundary outﬂow port, spread uniformly over its
width and depth. The Red-Sea inﬂow into the Gulf of Aden,M5, is re-
moved in layer 5 uniformly across the outﬂow port.
At the Red-Sea and Persian-Gulf inﬂow ports (layers 4 and 5,
respectively) temperature and salinity are set to theirWOA05values
at the grid points adjacent to the ports, N4 ¼ 22 lmolN=kg;D4 ¼
D04 ¼ 1 lmol N=kg, and O4 = 40.2 lmol O2/kg for the Persian Gulf,
and N5 = 30 lmol N/kg, D5 ¼ D05 ¼ 1 lmol N=kg, and O5 =
40.2 lmol O2/kg for the Red Sea. At the ITF port, Ti = (28.5,28.5,
27,12.1) C, Si = (34.3,34.3,34.3,34.7) psu, Ni ¼ ð1:5;1:5;4;26Þ
lmol N=kg; Di ¼ D0i ¼ ð4;4;3:5;1Þ lmol N=kg, and Oi = (188,188,
125,89) lmol O2/kg where i = 1–4. The values of N and O are from
WOA05, while the values of D and D0 are so chosen that they do
not impact interior solutions.
Along the southern boundary, variables are relaxed to speciﬁed
values in layers 4–6. (Values of variables in layers 1–3 are not re-
laxed because they are so strongly inﬂuenced by the surface forc-
ing.) Let q	i ðx; yÞ be the reference value for variable qi(x,y). Then,
the relaxation term has the form of a damper, YðyÞ qi  q	i
 
=dt,
where dt = 30 days and Y(y) is a structure function that equals 1
south of 27.5S, decreases linearly from 1 to 0 as y changes from
27.5S to 25S, and is 0 farther north. The reference values for
temperature and salinity are taken from WOA05 data at depths of
200, 800, and 1300 m, corresponding roughly to depths of middles
of layers 4–6 near 30S. Reference nitrogen and oxygen concentra-
tions are N	i ¼ ð7;30;34Þ lmol N=kg and O	i ¼ ð232;188;161Þ
lmol O2=kg, i = 4–6, and no detritus condition is imposed.
Finally, there is upward diffusion of nitrogen and oxygen from the
deep ocean (layer 7) into layer 6 with N7 = 36 lmol N/kg and O7 is
set to observed values at 1500 m from WOA05. No deep values are
needed for the other biological variables because they are negligible.
A.5. Initial conditions
For the spin-up run of the physical model, initial layer thick-
nesses are 10, 20, 30, 340, 550, and 550 m for layers 1–6, respec-
tively. Initial temperature and salinity ﬁelds for layers 1, 4, 5, and
6 are annual-mean WOA05 ﬁelds at 20, 200, 600, and 1300 m,
respectively. Layer-2 and layer-3 temperatures are the layer-1
minimum temperature for each longitude minus 3C and layer-2
and layer-3 salinities are the same as for layer 1.
For the biological model, initial values for Ni are the same as
those in Hood et al. (2003) for layers 1–3, and are set to
(14,30,34) lmol N/kg in layers 4–6, respectively. Initial values of
Oi are 45 lmol O2/kg in all layers. Conditions on the other biologi-
cal variables (PZD) are set as in Hood et al. (2003), with values in
our layers 5 and 6 set to those for their layer 4, and with D0 = D.
Appendix B. One-dimensional model
Simulating OMZs realistically in ocean models is difﬁcult, as
demonstrated by the fact that biophysical, global OGCMs often
do a poor job of simulating them (Section 3.4.3). To understand
the dynamics of such a complex system, it is useful to develop a
hierarchy of models. In such a hierarchy, the lower-level systemsreveal fundamental processes and the higher-level ones simulate
reality most realistically. Here, we consider a model near the
bottom of the hierarchy: a one-dimensional (1-d) version of our
biological model that allows for analytic solutions with an OMZ.
Its advantage is that it isolates most simply basic local processes
of OMZ formation (i.e., surface production, remineralization,
detrital sinking, and vertical mixing). Our goal is to understand
the impact of those processes on OMZ strength and vertical
structure.
Most of the appendix considers the response to forcing by a
constant nutrient ﬂux F . We obtain the steady-state response for
a single detrital size class (Section B.1) and multiple size classes
(Section B.2), discuss how solutions are modiﬁed on a ﬁnite grid
as in our layer model (Section B.3), and provide examples relevant
to the control run of the 3-d model (Section B.4 ). We conclude by
obtaining the response when F varies periodically (Section B.5).
We note that our solutions can be viewed as extensions of the
1-d solution obtained by Wyrtki (1962), who solved an oxygen
equation similar to ours. Furthermore, he explored the 3-d effects
of horizontal mixing on his 1-d solution. It is instructive to com-
pare his solutions with ours.B.1. Single detrital class
B.1.1. Equations and boundary conditions
Let the model ocean consist of a single water column of depth H,
beneath an inﬁnitesimally thin euphotic zone at z = 0. In addition,
neglect all horizontal processes, and, since the water column lies
beneath the thin euphotic zone, ignore all production terms for
detritus and oxygen. Finally, for simplicity we neglect vertical dif-
fusion of detritus, a valid restriction because, for the parameter
choices used in the 3-d model, sinking dominates diffusion in the
detrital balance. (It is in fact possible to obtain the detrital distribu-
tion with detrital diffusion, and then to show directly that it is very
close to Eq. (B4) found below.)
With these restrictions, the equations for a detritus class D(z)
and oxygen O(z) simplify to
Dt ¼ eDþwsDz; ðB1aÞ
Ot ¼ /eDþ jOzz; O > 0: ðB1bÞ
Eq. (B1b) allows O to have negative (unrealistic) values, so it is valid
only in regions where O > 0. It is also possible that O = 0 in a central
portion of the water column, in which case (B1b) applies only in the
shallow and deep regions. (To be precise, the value of e should de-
crease somewhat in regions with O ¼ 0, where remineralization
takes place by using NO3 rather than O2. For simplicity, the 3-d
and 1-d models do not allow for such a change.)
At the sea surface, we set
D ¼ D0 ¼ F=ws; O ¼ O0 @ z ¼ 0; ðB2aÞ
a statement that the surface values of D and O are set externally by
biological activity in the euphotic zone and by oxygen exchange
with the atmosphere. The quantity F represents the ﬂux of nitrogen
into the euphotic zone due to upwelling, entrainment, and vertical
mixing; the relation, F ¼ wsD0, is a statement that in steady state F
is balanced by the loss of nitrogen due to detrital sinking. At the
bottom of the water column, we impose
O ¼ O7 @ z ¼ H; ðB2bÞ
the non-zero value representing an oxygen source due to northward
advection of deep oxygenated water from the Southern Ocean. Con-
sistent with observations, we assume that O0 > O7.
Additional matching conditions are needed when O = 0 in a cen-
tral part of the column. Let z = z1 and z = z2 (0 > z1 > z2) designate
the boundaries of the central region. Then, the conditions are
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These conditions ensure that O is continuous across the boundaries
(O = 0) and that there is no diffusive ﬂux of oxygen into the region
where O = 0 (Oz = 0).
B.1.2. Solution
We look for steady-state (Dt = Ot = 0) solutions to (B1) subject to
boundary conditions (B2) and, if needed, (B3). According to (B1a), D
can be determined independently from O to get
D ¼ F
ws
eðe=wsÞz ¼ F
ws
ez=dz; ðB4Þ
that is, D decays with depth due to remineralization with an e-fold-
ing scale of dz = ws/e. Solution (B4) is then a forcing term for (B1b),
which can be rewritten
Ozz ¼ /ej D ¼ /
F
jdz
ez=dz: ðB5Þ
We obtain solutions to (B5) in two situations: when O > 0
everywhere in the water column, and when O = 0 in a central
region.
B.1.2.1. Response when O > 0. When O > 0 everywhere, (B5) has the
general solution
OðzÞ ¼ eOez=dz þ Azþ B; eO  /dz
j
F : ðB6Þ
Constants A and B are determined by applying boundary conditions
(B2), and the resulting solution is
OðzÞ ¼ O0 þ ðO0  O7Þ zH
n o
þ eO ðez=dz  1Þ þ z
H
ðeH=dz  1Þ
h i
: ðB7Þ
Solution (B7) is a combination of two pieces. One (in braces) varies
linearly from O0 to O7 as z goes from 0 to H, and is the response
when there is no biological activity, that is, when F 0 ¼ eO ¼ 0. The
other (proportional to eO) describes the biological impact on oxygen.
It vanishes at z = 0 and H, and is negative everywhere else in the
water column (0 < z < H). Note that (B7) does not depend sepa-
ratelyon e and ws, but only on their ratio ws/e = dz; thus, regardless
of the individual values of e and ws, if their ratio is ﬁxed, the struc-
ture of O(z) will be unchanged.
Since the eO term in (B7) is negative, an OMZ will exist pro-
vided that eO is sufﬁciently large, that is, when biological activity
F is large or diffusion j is small. Stated mathematically, it will
exist if Oz = 0 somewhere within the water column, and that
property will hold if Oz(0) > 0 and Oz(H) < 0. The z-derivative
of (B7) is
OzðzÞ ¼ 1H ðO0  O7Þ þ
eO 1
dz
ez=dz þ 1
H
ðeH=dz  1Þ
 	
: ðB8Þ
Since both terms on the right-hand side of (B8) are positive when
z = 0, the ﬁrst inequality is satisﬁed for all eO. With the aid of (B8),
the second inequality requires that
eO > O0  O7
1 Hdzþ 1
 
eH=dz
 eOa; ðB9Þ
thereby providing a criterion ðeO > eOaÞ for an OMZ to exist.
When condition (B9) is satisﬁed, the depth, z0, at which the oxy-
gen minimum occurs is determined by setting Oz(z0) = 0 in (B8),
which gives
z0 ¼ dz ln  dz
H
O0  O7eO þ eH=dz  1
  	
¼ dz ln  dz
H
eOaeO  1
 !
ð1 eH=dzÞ þ eH=dz
" #
: ðB10ÞIt follows from (B10) that z0 = H when eO ¼ eOa, and that it
decreases in amplitude (shallows) for larger eO values. Clearly,
z0 depends on the detrital decay scale dz, but the dependence
is complex and also involves other model parameters. Qualita-
tively, the dependence is implicit in (B5), which states that the
curvature of O is positive deﬁnite and weakens exponentially
to zero at a depth, z00, somewhat greater than dz (J2dz, say).
When dz H, which is the case for the small detritus in our
3-d model, it follows that O itself decreases exponentially to
depth near z00 and thereafter increases linearly. In this parameter
range, then, z  z00.
B.1.2.2. Response when O = 0. Solution (B7) breaks down if it allows
O < 0 anywhere in the water column. This situation occurs when-
ever eO is larger than a critical value eOb > eOa. To ﬁnd eOb, set z = z0
and O = 0 in (B7). It is straightforward to solve the resulting equa-
tion numerically for eO, which deﬁnes eOb.
When eO > eOb, the solution splits into three regions: zP z1
(Region 1), z1 > z > z2 where O = 0 (Region 2), and z 6 z2 (Region
3). In Region 3, O is speciﬁed at z = H by (B2) and satisﬁes
(B3) at z = z2. The solution to (B5) that satisﬁes O(z2) = 0 and
O(H) = O7 is
OðzÞ ¼ eO ez=dz  zþ H
z2 þ H e
z2=dz þ z z2
z2 þ H e
H=dz
 	
 O7 z z2z2 þ H
 
:
ðB11Þ
To ﬁnd z2, we impose the remaining constraint, Oz(z2) = 0, to get
eO ez2=dz
dz
 e
z2=dz
z2 þ H þ
eH=dz
z2 þ H
 	
 O7
z2 þH ¼ 0; ðB12Þ
which can be solved numerically for z2. In Region 1, the solution is
the same as (B11) and (B12) with the replacements H? 0,O7? O0,
and z2? z1.
B.2. Multiple detrital classes
The above solution can be easily extended to include two or
more detrital size classes. Let variables associated with each
class be indicated by the subscript j and the total number of
classes be J. When O(z) > 0, it is straightforward to show that
(B7) becomes
OðzÞ ¼ O0 þ ðO0  O7Þ zH
n o
þ
XJ
j¼1
eOj ðez=dzj  1Þ þ zH ðeH=dzj  1Þh i;
ðB13Þ
where dzj = wsj/ej, wsj and ej are the sinking and remineralization
rates of each detrital class, and eOj ¼ /ðdzj=jÞF j. If (B13) allows O
to become negative, it must be replaced in Region 3 by
OðzÞ ¼
XJ
j¼1
eOj ez=dzj  zþ Hz2 þ H ez2=dzj þ z z2z2 þ H eH=dzj
 	
 O7 z z2z2 þ H
 
;
ðB14Þ
where z2 is obtained numerically by solvingXJ
j¼1
eOj ez2=dzjdzj  e
z2=dzj
z2 þ H þ
eH=dzj
z2 þ H
 	
 O7
z2 þH ¼ 0: ðB15Þ
The Region-1 expressions are the same as (B14) and and (B15) with
the replacements H? 0, O7? O0, and z2? z1.
To complete the solution, we assume that the total F is
ﬁxed, and partition it among the individual size classes by
fractions aj. Speciﬁcally, we set F ¼
PJ
j¼1F j where F j ¼ ajF
and
PJ
j¼1aj ¼ 1. The surface detritus in each class is then
D0j ¼ F j=wsj ¼ ajF=wsj.
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The layer model solves for Di and Oi on a ﬁnite vertical grid, in
which grid steps are the thicknesses of layers. To illustrate the im-
pact of this grid, consider the ﬁnite-difference solution to (B1a)
when the grid step has a uniform value, Dz. (It is possible, but
not necessary for our purposes, to write down the ﬁnite-difference
solution for oxygen.)
Let points on the grid be deﬁned by zk = kDz, where k is an inte-
ger varying from K to 0 and zK = KDz = H. In ﬁnite-difference
form, the steady-state version of (B1a) is
ws
Dkþ1  Dk
Dz
¼ eDk; ðB16Þ
a statement that the loss of detritus to remineralization (eDk) is bal-
anced by the net ﬂux of detritus that sinks into the layer from above
(wsDk+1) minus the ﬂux that sinks out of it below (wsDk). Note that
the sinking term in (B16) is written in backward-differenced form,
the same discretization used in the 3-d model (the terms in Eq.
(A2) proportional to ws and w0s).
We look for a solution to (B16) of the form Dk = D0Zk, which
gives Z = 1 +Dz/dz. The solution is then
Dk ¼ D0 1þ Dzdz
 k
: ðB17Þ
Because (B16) uses backward differencing, (B17) is numerically sta-
ble even when the value of Dz/dz is large, a situation that applies to
the small-detritus case discussed next. (Indeed, it is because the
small-detritus equation in the layer model is expressed using back-
ward differences that it can be integrated at all, given that hi/dz is
large in layers 4–6.)
According to (B17), Dk decreases with depth by a factor of
(1 + Dz/dz)1 across each grid step. We can interpret the decrease
as an e-folding decay scale fdz through the relation
eDz=edz ¼ 1þ Dz=dz ) fdz ¼ Dz
lnð1þ Dz=dzÞ : ðB18Þ
A typical layer-4 thickness in our 3-d layer model is Dz = 300 m.
With this choice, Dz/dz = 4.1 for the small detritus in the model,
and hence fdz ¼ 184 m; thus, the decay scale of small detritus in
the ﬁnite-difference solution is nearly tripled from its value in the
differential solution (dz = 73 m). In contrast, for the large detritus
Dz/dz0 = 0.1 and fdz ¼ 3148 m, the latter close to value in the differ-
ential solution (dz0 = 3000 m).
B.4. Examples
The three panels of Fig. 10 plot O(z) curves as a function of j for
small detritus (left), large detritus (middle), and a combination of
both classes (right). In each solution, boundary concentrations for
oxygen are O0 = 200 lmol O2/kg and O7 = 50 lmol O2/kg, the nitro-
gen ﬂux into the euphotic zone is F ¼ wsD0 ¼ 2:7 lmol N=kg
(m/day), and the ocean depth is H = 1500 m. The value of F is set
so that with ws = 0.65 m/day (see next) the concentration of
surface detritus is D0 = 5 lmol N/kg, a typical value in productive
regions of the control run.
The left panel of Fig. 10 plots curves when the remineraliza-
tion and sinking rates are appropriate for small detritus in the
3-d model, namely, e = 0.003 day1 and ws = 0.65 m/day; the
choice of ws is three times larger than in the 3-d model to allow
for its ﬁnite vertical grid (i.e., dz = 220 m similar to fdz). As j
becomes smaller, oxygen decreases in the interior of the water
column, with O(z) changing from a regime with no OMZ, to one
with an oxygen minimum at a single point, and to one having a
central region where O = 0 (Region 2). The two thicker (dashedand solid) curves indicate transitions from one regime to another,
that is, they have mixing coefﬁcients, ~ja and ~jb, such that eO ¼ eOa
and eOb. The middle panel of Fig. 10 plots curves when
e0 = 0.0025 day1 and w0s ¼ 7:5 m=day, the same values as for the
large detritus in the 3-d model, for which dz0 = 3000 m. In this
case, the oxygen minima occur at greater depths than for small
detritus, and the transitions from one regime to another occur
at larger values of ~ja and ~jb. The right panel plots curves when
the model contains both small (j = 1) and large (j = 2) size classes
with the aforementioned remineralization and sinking rates and
with a1 = 0.75 and a2 = 0.25, and the set of curves are a blend
of the previous two.
Because j varies with depth in the control run, it is difﬁcult to
compare these 1-d solutions to the control run directly. (In
layers 1–3, ji varies from being greater than 104 m2/s in regions
of high eddy activity to 0.3  104 m2/s where there is none, and
ji = 104 m2/s, i = 4–6.) Layer 4 and 5 lie in depth ranges from 250
to 500 m and 500 to 1000 m, respectively. With these identiﬁca-
tions, the 1-d solutions suggest that, in the absence of subsurface
oxygen sources, the 3-d solutions will adjust to one or the other
of the following states depending on the strength of vertical mix-
ing: (i) both O4 = O5 = 0 have zero concentrations in regions where
ji is small in the upper ocean ( 0.5  104 m2/s), or (ii) only
O5 = 0 in regions of strong eddy mixing where it is large
(104 m2/s).
B.5. Periodic forcing
In the Arabian Sea, the surface detrital ﬂux F is not constant in
time, but rather is concentrated during the monsoons. To explore
the impact of this seasonal variability, we replace F with
F ¼ DFð1þ eirtÞ; ðB19Þ
so that it has both steady and oscillatory parts. Neglecting compli-
cations that arise if O = 0, the response to the steady forcing is just
(B4) and (B7) with F ! DF . Here, we solve (B1) for Dr(z,t) and
Or(z,t), the response to the periodic forcing. In this case, surface
and bottom boundary conditions are
Dr ¼ DFws e
irt @ z ¼ 0; Or ¼ 0 @ z ¼ 0;H: ðB20Þ
The oxygen conditions in (B20) follow from conditions (B20),
which state that total oxygen is ﬁxed to constant values O0 and
O7 at the top and bottom of the water column. Therefore, the only
process that generates O is remineralization within the water col-
umn, an important distinction between the steady and periodic
solutions.
It follows from (B1a) that
Dr ¼ DFws e
z=dzeiðr=wsÞðzþwstÞ  DF
ws
emzeirt ; ðB21Þ
wherem = 1/dz  ir/ws. Solution (B21) is similar to (B4), except that
D(z) also oscillates in depth with a wavelength, k = 2pws/r. Thus,
the sum of the steady and periodic responses appears as a series
of detrital ‘‘pulses,’’ sinking at the rate ws and decaying.
The solution to (B1b) has the general form
Or ¼ Pemzeirt þ Aea
þzirt þ Beazirt ; ðB22Þ
where
P ¼ /eDr
m2jþ ir ðB23Þ
and a ¼  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃr=ð2jÞp ð1þ iÞ. The ﬁrst term on the right-hand side is a
particular solution to (B1b) and the other two are solutions to its
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then gives
Or ¼ Pemzeirt þ PH  Pe
aH
eaH  eaþH
 !
ea
þzirt  PH  Pe
aþH
eaH  eaþH
 !
ea
zirt ;
ðB24Þ
where PH = P exp(mH). For the annual cycle (r = 2p/365 day1)
and with j = 4.32 m2/day (0.5  104 m2/s), the factors exp(a±z) de-
cay rapidly away from the ocean surface and bottom, respectively,
with an e-folding scale of jRe a±j1 = 22.4 m. Thus, the contributions
of the exp(a±z) terms are negligible everywhere except very near
the boundaries.
How large is the annual response in (B24) compared to that for
steady forcing? For this comparison, the relevant part of (B6) iseO expðz=dzÞ with F ! DF . Neglecting the terms proportional to
exp(a±z) in (B24), a measure of the relative size of the two solu-
tions is then
c ¼ jPe
mzeirt jeOez=dz ¼ j=dz
2
jjm2 þ irj : ðB25Þ
When r? 0, note that c = 1 so that the amplitudes of the steady
and oscillatory parts are the same. When r– 0, it follows that
jjm2 + irj > j/dz2 and hence c < 1. Two processes contribute to the
smaller oscillatory response. First, there is not enough time to rem-
ineralize the maximum amount of detritus available during any gi-
ven cycle; the impact of this limiting process is indicated by the
term, ir, in the denominator of (B25). Second, because the vertical
oscillation associated with k increases the curvature of Or, it
strengthens the vertical mixing term, jOrzz, in (B1b), thereby allow-
ing mixing to smooth Or more efﬁciently; the inﬂuence of this pro-
cess is indicated by the term, jm2, rather than j/dz2, in the
denominator of (B25). For r = 2p/365 day1 and dz[ 100 m, the
two processes have a comparable effect in reducing c, whereas
the ﬁrst dominates the second for larger dz.
For the small detritus in our model with fdz ¼ 184 m and
j = 4.32 m2/day, c = 5.6  103 so that the annual response is
much weaker than the steady one. Similarly, for the large detritus
with dz0 = 3000 m, c = 2.8  105. Furthermore, c remains small for
the range of parameter values that are typically used in biological
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